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ABSTRACT 
The decreasing size of electronic devices with the increase of packaging 
densities and power consumption due to the better functionalities, require a 
dramatic increase of heat dissipation. Therefore, high capacity thermal 
management techniques, such as flow boiling microscale heat sinks are 
necessary to ensure safe and reliable operation in this next generation 
electronic devices. Technique like flow boiling in microchannels is promising 
and effective method to dissipate very high heat fluxes. Boiling fluid can 
dissipate significantly higher heat flux utilizing the latent heat of coolant while 
requiring smaller rate of coolant flow than its single phase counterpart. In spite 
of these positive attributes, boiling and two phase flow in microchannels 
encounter some major problems that require urgent attention. These include 
flow instabilities, flow reversal and non uniform wall temperatures.  
To address some of these issues, microgap heat sink has been considered as 
one of the promising microscale methods to cool high power density 
electronic devices. Flow boiling microgap heat sink is attractive due to its high 
heat transfer capability in compact spaces with a smaller rate of coolant flow. 
Other advantages of this method are the ease of fabrication and 
implementation (direct cooling) as fluid (dielectric coolant) can flow on the 
back surface of an active electronic component which in turn eliminates the 
need for attaching a separate heat sink and thereby removes the interface 
thermal resistance. Although there is general agreement that this system may 
be able to maintain greater temperature uniformity across the heat sink and 
vii 
 
reduce flow boiling instabilities, their heat transfer characteristics and ability 
to mitigate hotspots on the heat sink are still unclear and require investigation. 
The present study aims at providing further insight on fundamental 
understanding of the flow boiling processes including confined to unconfined 
flow boiling transition criteria, flow boiling heat transfer and pressure drop 
characteristics, instability and hotspot mitigation characteristics, two phase 
flow pattern, flow regime map and the parametric study of microgap 
dimension, operating condition and surface properties. Advantages of flow 
boiling in microgaps over microchannels are also highlighted. Experiments are 
conducted using deionized water mass fluxes range from 390- 1000kg/m²s for 
a range of microgap dimensions, 80μm-1000μm at imposed effective heat 
flux, q"eff  ranging from 0 to 120W/cm² and surface roughnesses, Ra=0.6 - 1.6 
µm. Flow boiling characteristics of 200 µm depth microgap is compared with 
microchannel of width 200 µm having aspect ratio (depth/width) of 2. High 
speed flow visualizations are conducted simultaneously along with 
experiments to illustrate the bubble characteristics for both the systems. 
The results of this study show that boiling confinement occurs for microgap 
sizes 500μm and below and confined slug/annular flow are the dominant 
regime whereas physical confinement does not occur for microgap sizes 
700μm and above and bubbly flow is the dominant flow regime. Moreover, 
microgap heat sink performs better at high heat flux and low mass flux due to 
confined slug/annular boiling dominance and consequent delay of dryout 
phase. In addition, encouraging results have been obtained using microgap as 
it can potentially mitigate local hotspot, reduce instabilities, reduce pressure 
drop and maintain uniform wall temperatures over the heated surface.  
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Chapter 1: Introduction 
1.1 Background 
Thermal management has become a critical issue for high performance 
technology in defense electronic systems designs [1].  Defense electronic 
devices, such as the High Energy Laser (HEL) and the Active radar system, 
have increased in power consumption and reduced in physical size. This 
increased power density has led to an increasing intensity in heat generation. 
Thermal management is a series of systematic steps to remove this excessive 
generated heat during normal operation. Heat dissipation from defense 
applications is at heat fluxes of the order of 1000W/cm2 [2] as shown in Fig. 
1.1.This high heat dissipation rate is primarily due to the greater 
functionalities and higher packaging densities. To ensure safe and reliable 
operations of electronic devices, there is a need for high capacity thermal 
management techniques. It therefore seems likely that new techniques will be 
needed in the near future. 
 
Fig. 1.1: Projected cooling demands in comparison to other man-made thermal 
systems [3]. 
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One possible technique of thermal management is to use a boiling fluid as a 
coolant, as this would transfer significantly more heat than its single-phase 
equivalent. This has led to an abundance of research into flow boiling in 
microchannels. Utilizing the latent heat of a coolant, boiling fluid can dissipate 
significantly higher heat fluxes while requiring smaller rate of coolant flow 
than its single phase counterpart. Another advantage of this technique is the 
greater temperature uniformity across the microchannel heat sinks as the phase 
change of boiling fluid takes place at the fluid saturation temperature. In spite 
of these appealing attributes, relatively little is known about the complex 
nature of convective boiling and two phase flow in microchannels and this has 
impeded their wide implementation in practical applications. The major issues 
that require immediate attention include flow instabilities and flow reversal; 
lack of fundamental understanding of the underlying mechanism for two phase 
flow and heat transfer in the microscale domain, and the associated lack of 
generally accepted models for predicting two phase pressure drop and boiling 
heat transfer in micro/ mini channels. To address of these issues, a new 
technique of thermal management known as “two-phase microgap channel 
cooler” was recently proposed to directly cool the heat sources. Microgap 
coolers provide direct contact between chemically inert, dielectric fluids and 
the back surface of an active electronic component. Thus, microgap eliminates 
the significant interface thermal resistance associated with Thermal Interface 
Materials and/or solid-solid contact between the component and a 
microchannel cold plate [4]. In addition, the two-phase microgap channel 
coolers can potentially mitigate the flow instabilities and flow reversal issues 
inherent with two-phase microchannel heat sinks as the vapor generated has 
3 
 
room to expand both spanwise and downstream instead of being forced 
upstream. Moreover, it can be used for mitigating hotspots as it maintains a 
uniform fluid layer over the heated surface. 
 
As will be illustrated in the literature review in Chapter 2, the current 
understanding of two-phase heat transfer in microgap is still far from being 
well-established. Crucial issues, such as the flow boiling behavior in microgap 
based heat sink with high speed flow visualization, influences of dimensional 
and surface roughness parameters in microgap, are still unclear. Thus, the 
concept of the two-phase microgap channel technique is still very new, and 
more investigation should be carried out to advance the fundamental 
understanding of the underlying mechanisms. These investigations could 
consider systematic experimental investigation to characterize flow boiling 
phenomena in microgap channel as well as flow visualization investigation for 
flow regime detection.  These fundamental investigations may further lead to 
continuous improvement of thermal management in defense electronic 
systems. 
 
1.2 Objectives  
The specific objectives of the research are to: 
1. Experimentally investigate the local flow boiling heat transfer and 
pressure drop characteristics in microgap channel over a range of gap 
dimensions and flow rates to achieve better fundamental 
understanding. 
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2. Visualize the flow patterns and their transitions in microgap channel 
using high speed camera with simultaneous heat transfer and pressure 
drop measurements to serve as the foundation for developing flow-
pattern based models. 
3. Investigate the effect of microgap size on flow boiling characteristics 
and optimize the microgap size for better heat transfer characteristics. 
4. Examine the effect of surface finish on flow boiling heat transfer 
characteristics in microgap channel. 
5. Examine the effectiveness of two-phase microgap channel cooling 
technology for hotspot remediation and thermal management.  
6. Assess the ability of the two-phase microgap coolers in mitigating flow 
instabilities and flow reversal.  
 
1.3 Scope  
The scope of the research includes: 
1. Careful and systematic experimental investigations with high speed 
flow visualization to obtain accurate flow boiling heat transfer, 
pressure drop and instability data over a range of heat fluxes, mass 
fluxes, gap dimensions and surface roughnesses.  
2. Evaluation of effectiveness of microgap channel for mitigating flow 
instabilities and flow reversal. 
3. Evaluation of the two-phase microgap channel cooling technology for 
hotspots mitigation. 
 
1.4 Thesis structure 
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A brief description of the contents of the chapters that follow is given below: 
 
• Chapter 2. A detailed literature review is presented which delineates the 
efforts by other researchers in the field of microscale flow boiling.   
• Chapter 3. Description of the experimental setup, test-sections and the 
experimental procedures adopted during this research campaign, illustrating 
the data processing scheme, and the procedure for test validation. The 
measurement uncertainty for this work and the heat loss prediction are also 
presented in this chapter. 
• Chapter 4. This chapter focuses on the characteristics of two-phase flow and 
heat transfer processes in microgap channel. 
• Chapter 5. A Comparison is made between microgap and microchannel flow 
boiling characteristics. 
• Chapter 6. The parametric (optimization) study of microgap channel 
dimension and operating conditions are conducted. 
• Chapter 7. Surface roughness effects on microgap channel are investigated in 
this chapter. 
• Chapter 8. This chapter focuses on the evaluation of Two-phase microgap 
channel in mitigating flow instabilities and flow reversal. 
• Chapter 9. This chapter focuses on the evaluation of Two-phase microgap 
channel cooling technology for hotspots mitigation. 
• Chapter 10. This chapter presents the key conclusions of this work and 
recommendations for future work.  
Sample uncertainty analyses are presented as Appendix. 
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Chapter 2: Literature review 
 
The review of research on flow boiling in microgap heat sink presented here 
starts out with the definition and classification from macro to micro scale 
domain. In addition, a brief review on the micro scale flow boiling 
phenomenon along with different types of microscale configuration and 
working fluid present here for a better understanding of the complex nature of 
the micro scale boiling process. In the following section, a brief review of 
earlier work of microgap heat sink is added to focus on the background of this 
research work. Two strong inhibiting factors in flow boiling microscale 
research are the presence of flow instabilities and hot spots are also discussed. 
Finally, a few flow boiling surface enhancement techniques are reviewed.  
 
2.1 Classifications for the transition from macro to microscale heat 
transfer 
Researchers have proposed several classifications for the transition from 
macro to microscale phase change heat transfer phenomena. In general, a 
microscale phase change heat transfer is a mechanism in which the heat 
transfer characteristics deviate from predictions from widely accepted models 
for a conventional macroscale heat transfer process. Macro to microscale heat 
transfer classification based on hydraulic diameter, Dh for non-circular 
channels have been proposed by several researchers. Mehendale et al. [5] 
proposed a classification based on hydraulic diameter and consider a range 
from 1μm to 100μm as a microchannel, 100μm to 1000μm as a mini channel, 
1mm to 6mm as a macrochannel and greater than 6mm as conventional 
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channel. Kandlikar et al. [6]also classified macro to microscale considering a 
similar approach. They proposed that a diameter below 200μm as a micro 
channel, from range 200μm to 3mm as a mini channel and above 3mm as a 
macro channel. Both of these classifications follow a similar approach, 
however, their results are quite different from each other. Moreover, these 
classifications are arbitrary and do not reflect the influence of channel size on 
the physical mechanisms.  
 
 A more general classification for the transition from macroscale to microscale 
phase change heat transfer process should address where classical theory on 
conventional macroscale heat transfer process is no longer fully applicable. 
Such a macro to microscale transition criterion might be related to the bubble 
departure diameter. That is, the point at which the bubble departure diameter 
reaches that of the flow channel, such that further growth is confined by the 
channel and only one bubble can exist in the channel cross-section at a time 
(as opposed to multiple bubbles in a macrochannel). Hence, the threshold to 
confined bubble flow could be taken as the microscale threshold. As a 
consequence, Kew and Cornwell [7] proposed a confinement number, Co, as,  
𝐶𝑜 = [ 𝜎
𝑔(𝜌𝐿 − 𝜌𝑉)𝐷ℎ2]1 2�  
where σ is the surface tension, g is the gravitational acceleration, 𝜌𝐿 and  𝜌𝑉 
are liquid and vapour densities of fluid respectively. 𝐷ℎ is the hydraulic 
diameter of flow channel. They showed Co=0.5 as the transition criteria from 
a micro to a macro channel. This is a very innovative approach as it includes 
fluid and surface properties. It should be noted, however that, this approach 
has failed to accumulate experimental conditions.  
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Recently, Harirchian and Garimella [8] showed that flow confinement depends 
not only on channel size but also on mass flux since the bubble diameter varies 
with flow rate. They listed different experimental cases for various channel 
sizes and mass fluxes and categorized them into two groups, confined and 
unconfined flow regardless of the heat input. They showed that for channels of 
small cross-sectional area and at low mass fluxes, vapor confinement is 
observed, while for larger microchannels and at high mass fluxes, the flow is 
not confined. Subsequently, they proposed a new correlation, represented by, 
𝐵𝑜0.5 ∗ 𝑅𝑒 = 1
𝜇𝑓
[𝑔�𝜌𝑓 − 𝜌𝑔�
𝜎
]0.5𝐺𝐷2 = 160 
Where 𝐵𝑜0.5 ∗ 𝑅𝑒, a parameter named the convective confinement number, is 
proportional to the mass flux, G, and the cross-sectional area, D2, and is 
inversely proportional to the fluid surface tension. This new flow boiling 
transition criteria recommends that for 𝐵𝑜0.5 ∗ 𝑅𝑒 < 160, vapour bubbles are 
confined and the channel should be considered as a microchannel. For larger 
convective confinement numbers, the flow does not experience physical 
confinement by the channel walls and the channel can be considered as a 
conventional (macroscale) channel. This classification is very promising as 
this transition criterion is independent of the heat flux and is very useful in 
determining whether a channel behaves as a microchannel or a conventional, 
macroscale channel, regardless of the heat input, for practical applications. 
These studies imply that a definition of micro scale and its related mechanisms 
are very hard to understand and more studies should be conducted to 
understand the underlying mechanism. 
 
9 
 
2.2 Two phase flow boiling enhancements 
Boiling fluid as the coolant would transfer significantly more heat than its 
single-phase equivalent. Mudawar and Bowers [9] demonstrated that flow 
boiling can dissipate heat flux up to 10 kW/cm2, which was 10 times more 
than single-phase flow. This has led to an abundance of research into flow 
boiling in microscale. Utilizing the latent heat of coolant, flow boiling can 
dissipate significantly higher heat fluxes while requiring smaller rates of 
coolant flow than its single phase counterpart. Another advantage of 
convective boiling process is the greater temperature uniformity across the 
microchannel heat sinks as the phase change take place at the fluid saturation 
temperature.  
 
Dielectric liquid flowing through heated microchannel or microgap channel 
undergoes phase change. This vapor/liquid mixtures flowing in miniature 
channels aggregate into four primary two-phase flow regimes: bubbly, 
intermittent, annular and dryout [[10] -[12]].  
 
Fig. 2.1: Diagram of a developing flow in a horizontal channel [13]. 
 
Development of bubbly flow is noted by a small volumetric fraction of 
bubbles within the liquid flow. In intermittent flow, these bubbles coalesce 
and form “slugs” in the flowing liquid. Annular flow, which is associated with 
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thin liquid layers flowing along the outer walls of the channel and the vapor 
flows in the center of the channel called vapor core. This is thermally 
advantageous, due to the high heat transfer rates associated with the 
evaporation of thin liquid layers. Thin liquid layers have low resistance to 
thermal diffusion and evaporation of liquid into the vapor core can promote 
the removal of substantial thermal energy from the walls. As the layer thins, 
the heat transfer rate increases. However, local dryout can occur with 
extremely thin films and then propagate to complete dryout. In horizontal 
channel, at low two phase flow rate, a stratified pattern may also occur in 
which the liquid flows along the lower surface and vapor above. Fig. 2.1 
shows the four flow regimes that can occur in a horizontal pipe. 
 
In spite of this appealing heat transfer enhancement attributes, the complex 
nature of convective boiling and two phase flow in microchannels is still not 
well understood and this has impeded their wide implementation in practical 
applications. The major issues include flow instabilities and flow reversal that 
occurred during flow boiling due to volumetric expansion of bubbles in the 
microchannel which interns lowered the heat transfer [14]. Hence, it can be 
concluded that flow boiling heat transfer technique is promising; however, not 
ready yet to serve as the thermal management solution for the next generation 
electronics. 
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2.3 Fundamental understanding of the heat transfer and pressure drop in 
flow boiling microscale domain 
A large number of studies have been undertaken on the topic of flow boiling 
heat transfer mechanism to understand the fundamental of this process 
(Lazarek and Black, 1982 [15]; Cornwell and Kew, 1993 [16]; Kandlikar et 
al., 1995 [[17], [18]]; Kew and Cornwell, 1997 [7]; Kandlikar et al., 1997 
[19]; Jiang et al., 1999 [20]; Kandlikar et al., 2001 [21]; Hetsroni et al., 2002 
[22]; Garimella and Sobhan, 2003 [23]; Thome, 2004 [24]; Bertsch et al., 2008 
[25]). 
 
As early as 1982, Lazarek and Black [15] measured the local heat transfer 
coefficient, pressure drop, and critical heat flux for saturated boiling of R-l 13 
in a round tube with an internal diameter of 0.31 cm, and heated lengths of 
12.3 and 24.6 cm. Based on their study, they proposed a correlation for the 
local heat transfer coefficient which expresses the Nusselt number as a 
function of the liquid Reynolds number and boiling number. They concluded 
that the wall heat transfer process was controlled by nucleate boiling as local 
heat transfer coefficient was independent with local vapor quality.  
 
 A theoretical and experimental work conducted on nucleating vapor bubbles 
in subcooled flow boiling of water at atmospheric pressure and 60°C in a 3 
mm×50 mm×400 mm long rectangular channel was performed by Kandlikar et 
al., 1995 [18]. A new model was developed for analyzing forces acting on the 
vapor bubble under pseudo-static conditions corresponding to the 
thermally controlled region of bubble growth. They concluded based on the 
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new model and the experimental study that the bubble removal in flow boiling 
for small diameter bubble was initiated at the front edge of the bubble through 
a sweep-removal mechanism. 
 
Kew and Cornwell, 1997 [7] studied the boiling in single, small-diameter 
tubes as part of a study of compact two-phase heat exchangers. They measured 
pressure drop and boiling heat transfer coefficients for Rl4lb flowing through 
tubes 500 mm long with diameters of 1.39-3.69 mm and found that 
intermittent dry-out occurred at very low quality in single narrow channels and 
under some conditions increasing quality led to an increasing heat transfer 
coefficient. 
 
Jiang et al., 1999 [20] performed experiments on microchannel heat sinks 
integrated with heaters and temperature sensors with DI water as the working 
fluid, to evaluate the heat sink performance under forced convection 
conditions. They suggested that the evolution of the phase change from liquid 
to vapor in microsystems was different from that in macrosystems and the 
device temperature dependence on flow-rate as well as the temperature 
distribution was clearly a function of the channel size. 
 
Kandlikar et al., 2001 [21] conducted high speed photographic observation 
of flow boiling of water in one single channel and a set of six parallel 
channels with electric heating from three sides of the channel. High-
speed photography was used to obtain visual pictures of the flow phenomena 
from subcooled flow boiling all the way to critical heat flux conditions. They 
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explored the flow regimes during flow boiling of water in mini-channels to 
identify specific features of flow boiling in smaller diameter mini-channels. 
 
Hetsroni et al., 2002 [22] experimentally investigated the flow boiling of 
Vertrel XF in parallel triangular microchannels with a base of 250 μm to study 
the effect of mass velocity and vapor quality on the heat transfer, as well as to 
compare the two-phase results to a heat sink cooled by single-phase water 
flow. They found that the maximum temperature difference on the surface did 
not exceed 4–5 K for cooling by Vertrel XF, whereas for cooling by water this 
difference was about 20 K, at comparable flow rates. 
 
 More recent works have been attempted to better understand the flow patterns 
occurring during boiling in micro channel using different working fluids 
(Sehwan and Sangkwon [26]). Harirchian and Garimella [27] have studied the 
size effects on local flow boiling heat transfer to a dielectric fluid. High speed 
flow visualization also has been employed to understand the physics of boiling 
in microchannels (Chen and Garimella [28]). Flow regime map also has been 
proposed for microchannel (Harirchian and Garimella [8]). In spite of this 
large number of investigation, flow boiling in micro scale has not been fully 
understood. 
 
In recent years, a number of studies have attempted to better understand the 
flow boiling mechanism in microgap [[4], [11], [29]-[32]]. Kim et al. [[4], 
[29]] experimentally investigated the two-phase thermo-fluid characteristics of 
a dielectric liquid, FC-72, flowing in an asymmetrically heated chip scale 
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microgap with channel heights varying from 110μm to 500μm. This 
exploratory study revealed that the intermittent and annular flow regimes 
dominate the 110µm to 500µm channel behavior for the two-phase flow of 
FC-72, with a liquid volumetric flow rates from 0.17ml/s to 0.83ml/s.  
 
Bar-Cohen and Rahim [11] performed a detailed analysis of 
microchannel/microgap heat transfer data for two-phase flow of refrigerants 
and dielectric liquids, gathered from the open literature and sorted by the 
Taitel and Dukler flow regime mapping methodology. They showed that the 
annular flow regime is the dominant regime for this thermal transport 
configuration and its prevalence is seen to grow with decreasing channel 
diameter and to become dominant for refrigerant flow in channels below 0.1 
mm diameter. Sheehan and Bar-Cohen [30] investigated a 210 micron 
microgap channel, operated with mass flux 195.2 kg/m²s and heat flux varying 
from 10.3 to 26 W/cm² using infrared thermography to observe wall 
temperature fluctuation and locate nascent dryout regions. They concluded 
from their results that wall temperature fluctuations vary independently with 
both thermodynamic quality of the flow and the wall heat flux and these 
fluctuations reflect a complex interplay of channel and local instabilities with 
periodic local dryout and re-wetting.  
 
Kabov et al. [31] studied a detailed map of the flow sub-regimes in a shear-
driven liquid film flow of water and FC-72 obtained for a 2 mm channel 
operating at room temperature. They showed that shear-driven films are more 
suitable for cooling applications than falling liquid films. Utaka et al. [32] 
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experimentally investigated flow boiling of water in narrow gaps of 0.5, 0.3 
and 0.15 mm and measured the thickness of the micro-layer by application of 
the laser extinction method. They showed that the initial micro-layer thickness 
decreases with the decreasing gap size and the heat transfer was enhanced due 
to the micro-layer evaporation. Although progress has been made to 
characterize the heat transfer and pressure drop during flow boiling in 
microgaps, a fundamental understanding of boiling mechanisms along with the 
flow visualization for such microgaps are unavailable. 
 
This review of the literature shows the absence of systematic studies on the 
effect of microgap dimensions on heat transfer and pressure drop 
characteristics along with flow visualization till date. So, more careful and 
systematic studies are needed to advance the fundamental understanding of 
local flow boiling heat transfer and pressure drop mechanisms in microgap. 
 
2.4 Flow boiling instabilities and stabilization 
Two-phase flow instabilities may arise during boiling in conventional size 
channels and more so in a parallel array of multiple micro/mini-channels. This 
undesired effect should be controlled or mitigated because it may induce 
mechanical vibrations in the system, deteriorate the heat transfer performances 
(premature dryout, critical heat flux limitation) etc. Two-phase flow instability 
is a complex topic because several effects may occur simultaneously and play 
a role in a coupled way. Two-phase flow instabilities can be classified into 
various types with different driving forces. From the various instabilities 
encountered during flow boiling, several modes appear to be important in 
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microchannels: excursive (and parallel channel) instability, compressible 
volume/pressure drop instability, rapid bubble growth, and CHF conditions.  
Comprehensive reviews on the two-phase flow instabilities in conventional 
size channels have been compiled by Bergles [33], Ishii [34] and Yadigaroglu 
[35]. They presented the various phenomena and theories available in the 
literature. The classical theories developed for conventional size channels can 
be used to a limited extent for interpreting the instabilities phenomena 
observed in micro/mini-channels. In fact, when dealing with phase-change 
phenomena the basic mechanisms such as nucleation, coalescence, 
fragmentation, and interfacial instabilities still exist. Nevertheless, when 
micro/mini-channels are involved, some differences exist. For instance, in a 
small size channel the vapor growth phase is limited in the radial direction 
because of the hydraulic diameter. Only the axial direction allows vapor 
growth when boiling occurs. As a result there are important differences 
observed in the physical processes when compared to conventional macro-
scale systems. At present, parallel channel oscillations and single channel 
oscillations were clearly identified in narrow channels. What is typical for 
these geometries is the appearance of an intermittent dry out which produces a 
vapor recoil in the micro/mini-channel. Depending on the compressibility of 
the inlet zone of the channel, quasi- periodical pressure fluctuations are 
observed. These oscillations are due to the competition of the inertia or gravity 
effects and the vapor recoil pressure linked to the imposed heat flux on the 
wall [36]. 
 
17 
 
The phenomenon characterized by vapor expansion in both the upstream and 
downstream directions causing flow reversal was observed by Kandlikar et al. 
[21] and Kandlikar and Balasubramanian [37]. Similar instability cases were 
reported by Hetsroni et al. [22] and Peles [38]. Kuo and Peles [39] studied the 
pressure effect on flow boiling instabilities in microchannels. They showed 
that at high pressure at a given mass quality reduced the void fraction, the low 
superheat needed to activate bubble nucleation during flow boiling. Flow 
visualization revealed smaller bubble departure diameters at high system 
pressure. The reduction of bubble departure diameter was an indicative of 
reduced rapid bubble growth oscillation. 
 
Only a few attempts have been carried out to control this instabilities 
phenomenon. According to Kandlikar et al. [40], artificial nucleation sites, 
fabricated by laser micromachining in conjunction with the 4% area pressure 
drop elements eliminated the instabilities associated with the reverse flow. Lu 
and Pan [41] explored experimentally stabilizing flow boiling of water in ten 
parallel microchannels on a heat sink with a diverging cross section design. 
Each diverging microchannel had a mean hydraulic diameter of 120 μm and a 
diverging angle of 0.5° while the channel depth is uniform at 76 μm. They 
concluded that in terms of stability performance, the flow boiling in the 
parallel microchannel heat sinks with a diverging cross-section design was 
superior to a uniform cross-section design and a larger diverging angle helped 
resisting the reversed flow of vapor bubbles. However, a larger diverging 
angle also slowed down the flow velocity and caused more intensive boiling or 
evaporation and triggered the dryout, especially near the exit. 
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Qu [42] introduced an improved microchannel heat sink with cross-
connections in the transverse direction. He claimed that the cross-connected 
microchannel heat sink enabled a uniform pressure field for the two phase 
flow boiling of liquid coolant in the heat sink. K. Balasubramanian et al. [43] 
proposed an expanding microchannel heat sink and showed that the expanding 
microchannel heat sink reduced the pressure drop and wall temperature 
fluctuations than the straight microchannel heat sink, under similar operating 
conditions. 
 
The two phase microgap heat sink has novel potential to mitigate the flow 
instabilities and flow reversal issues inherent with two phase microchannel 
heat sink as the generated vapor has room to expand both spanwise and 
downstream instead of being forced upstream. So, more work should be 
carried out to explore this configuration for flow boiling instabilities 
mitigation.  
 
2.5 Hot spot mitigation techniques 
Hotspot problem within a given chip, where local heat generation rate far 
exceed the average value on the chip, significantly increases the peak 
temperature for a given total power generation which degrades the reliability 
and performance of electronic equipments. According to Watwe and 
Viswanath [44], heat fluxes on the hot spots can be five to ten times higher 
than the average heat flux of the chip.  The rapid emergence of electronic 
devices with the consequent rise in packaging density, has led to a steep 
increase in die heat flux and growing concern over the emergence of on-chip 
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“hot spots.” Bogojevic et al. [45] experimentally investigated the two phase 
boiling in a multi channel silicon heat sink with non-uniform heating to 
understand the effect of various hotspot locations on the temperature profile. 
They observed that boiling inside microchannels with axially non-uniform 
heating leads to high temperature non-uniformity in the transverse direction.  
 
Few attempts have been made to mitigate the hotspots on chips. Jae-MO Koo 
et al. [46] theoretically examined the heat transfer and fluid flow 
characteristics of two phase flow in microchannels with hydraulic diameters of 
150 – 450μm for varying wall heat flux conditions. The theory developed aims 
to minimize the pressure drop in the two phase region and to provide the 
foundation for optimizing channel dimensions to reduce temperature 
variations. Their results indicate that the optimal thermal configuration is to 
apply higher power near the exit region since it minimizes the pressure drop of 
the two-phase flow field and the corresponding wall temperature. Eun Seok 
Cho et al. [47] proposed a cross-linked microchannel heat sink and claimed to 
achieve better cooling performance due to the lateral fluid transport and 
mixing.  
 
Recently, Bar-Cohen and Rahim [48] proposed microgap cooler to control the 
temperature of on-chip hot spots on the back of the chip. To assess the 
efficacy of micro-gap cooler for thermal management of hot spots, they 
simulate the thermal performance of a notional advanced semiconductor chip 
cooled by the micro-gap coolers. They found that micro-gap coolers, along 
with effective thermal spreading in the chip, appears to offer the potential for 
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successfully limiting the chip and hot-spot temperature rise to acceptable 
levels for a wide range of operating conditions. More experimental 
investigation is necessary to evaluate the possibility and efficacy of microgap 
heat sink for thermal management of hot spots. 
 
2.6 Boiling surface enhancements 
It is well known that surface characteristics have a significant impact on 
nucleate boiling and consequently heat transfer performance. To enhance the 
microscale boiling performance at nucleate boiling region, several attempts 
have been done with help of artificially formed nucleation sites on the boiling 
surfaces, such as micromachining [[49]-[52]], nanostructured surfaces [[53]-
[55]], porous metal coating [[56]-[58]], and chemical etching [[59]-[60]].  
 
Geisler and Bar-Cohen [49] experimentally investigated the surface roughness 
effect for the dielectric liquid FC-72 boiling, at atmospheric pressure, from 
silicon (20 mm × 20 mm and 20 mm ×30 mm) and aluminium (20 mm × 20 
mm) heaters, respectively. Significant low flux nucleate boiling enhancement 
was achieved and CHF are found to be independent of surface material and 
finish. Jones and Garimella [50] conducted experiments using ten parallel, 
25.4 mm long channels with nominal dimensions of 500 ×500 μm2. 
Experimental results on flow boiling heat transfer and pressure drop with 
deionized water using three microchannel heat sinks of varying surface 
roughness (Ra=1.4 μm, 3.9 μm, and 6.7 μm) were reported. According to their 
results, roughness did not appear to have a significant impact on the boiling 
incipience wall temperature. Surface roughness was also found to have only a 
21 
 
minor influence on the critical heat flux. However, at high heat flux, the EDM 
surfaces had between 20% and 35% higher heat transfer coefficients than the 
saw-cut surface. Zhang et al. [51] conducted experiments in micromachined 
silicon channels with a range of 27–171 μm hydraulic diameters and varying 
surface roughnesses and found that the boiling mechanism was strongly 
dependent on the wall surface roughness. Kuo and Peles [52] experimentally 
investigated the flow boiling in 200 μm × 253 μm parallel microchannels with 
structured reentrant cavities and compared the performance with plain-wall 
microchannels. They concluded that reentrant cavities promoted nucleation of 
bubbles and supported significantly better reproducibility and uniformity of 
bubble generation. The structured surface was also shown to significantly 
reduce the boiling inception and to enhance the critical heat flux. 
 
Hendricks et al. [53] experimentally investigate the enhancement of pool-
boiling heat transfer using nanostructured surfaces on aluminum and copper. 
They achieved a 10× improvement in heat transfer coefficient and an 
approximate 4× improvement in critical heat flux for nanostructured surfaces 
over a ‘‘bare” Al substrate.  Morshed et al. [54] conducted experiments to 
investigate the Convective heat transfer performance of a micro-channel with 
copper nanowires (CuNWs) coatings. Experimental studies were carried out 
on a bottom surface heated single micro-channel of 672 mm hydraulic 
diameter using de-ionized (DI) water as coolant. They found that CuNWs 
coatings enhanced the flow boiling heat transfer coefficient up to 56%. Phan et 
al. [55] performed experiments to study the effects of surface wettability on 
flow boiling of water on nanocoated surfaces in a microchannel. The samples 
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were silicon oxide (SiOx), titanium (Ti), diamond-like carbon (DLC), and 
carbon-doped silicon oxide (SiOC) surfaces with static contact angles of 26 
deg, 49 deg, 63 deg, and 104 deg, respectively. The results showed significant 
impacts of surface wettability on heat transfer coefficient. 
 
Particle size effects on boiling performances of micro-porous enhanced 
surfaces were studied using five different sizes of diamond particles by Chang 
and You [56]. By comparing the coating thicknesses with the superheated 
liquid layer thickness, the coatings were classified into two groups: ‘micro-
porous’ and ‘porous’ coatings. They observed that micro-porous coating 
showed different characteristics of boiling performances compared to porous 
coating in incipient superheat, nucleate boiling and CHF and also found a 
significant decrease of incipient superheat over the micro-porous surface 
regime. The effect of micro/nanoporous inside surface coated vertical tubes on 
CHF was determined during water flow boiling at atmospheric pressure by 
Sarwar et al. [58]. Greater CHF enhancement was found with microporous 
coatings than with nanoporous coatings from their study. They concluded that 
Al2O3 microporous coatings with particle size <10 μm and coatings thickness 
of 50 μm are the best according to the CHF enhancement performance. 
 
Bhavnani et al. [59] conducted experiments over an integral heat sink surface 
consisted of reversed pyramidal features etched directly on to the silicon 
surface. Crystallographic etching techniques were used to create the enhanced 
features. They found that incipient boiling superheat was reduced from a range 
of 27.0-53.0°C for the untreated silicon surface, to a range of 2.5-
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15.0°C for the enhanced surfaces. The overshoot also decreased considerably; 
from about 12.0-18.0°C for two classes of untreated surfaces, to a range of 
1.5-5.3°C for the enhanced surfaces. Jung and Kwak [60] experimentally 
investigated the boiling heat transfer on treated silicon surfaces. They used 
two-types of treated silicon surfaces for boiling surfaces using anodisation 
with HF (hydrofluoric acid) based electrolyte and DMF (dimethylforamide) 
based one. They concluded that the treated chips provide many possible 
nucleation sites and show considerable enhancement in the nucleate boiling 
heat transfer coefficient. They also summarized that the critical heat flux 
(CHF) of the treated surfaces increase linearly to the increase in the effective 
area for boiling. 
 
The results from these studies showed that surface characteristics have 
significant influence on boiling incipience and consequent heat transfer 
performance. It should be noted, however that, there is a lack of literature on 
the influences of surface characteristics in microgap heat sink. Therefore, a 
detailed experimental investigation is necessary to explore the influences of 
surface characteristics on microgap heat sink. 
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Chapter 3: Experimental facility and test procedure 
 
Details of the experiment facility and test procedure are presented in this 
chapter. The first two sections that follow give a description of the 
experimental flow loop and test section, while the remaining delineate the 
diode sensor calibration procedure, heat loss characterization, test procedure 
and measured uncertainties in various measured and calculated parameters. 
The adopted test procedure is explained for both heat transfer and pressure 
drop characteristics study as well as degassing method. 
 
3.1 Experimental flow loop 
The closed flow loop consists of a Stainless steel reservoir (Portable Wide 
Mouth ASME 01 EA Pressure Tank 304 SS) of 3 gallons capacity to reserve 
deionized water. Two cartridge heaters (600 Wx2) fitted into the reservoir are 
used to boil the water for degassing purpose. Deionized water driven from 
reservoir is pumped through the flow loop using a gear pump (Cole Parmer 
Bench Top Analog Drive EW-74013-65). A Mcmillan Liquid flow sensor 
(Model 106-5-D-T4-C6-HT) with a measurement range of 50–500 ml/min and 
a maximum operating temperature of 85 °C is used to monitor the flow rate 
through the loop. The flow loop has an inline 15 µm filter (Swagelok SS-
4FW-15) to remove impurities from water before entering test section. 
Deionized water is then preheated by a preheater (Watlow Circulation Heater 
c/w Controller Box) installed at the upstream of the test section to maintain the 
desired inlet subcooling temperature. Temperature measurements are done 
before the entry and after the exit of the heat exchanger, at the inlet and outlet 
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of the test section using type-T thermocouples from Watlow. The inlet and 
outlet pressure are measured using Huba Pressure transmitter (Model: 
507.910013111) having a range of 0 to 0.6 bar and pressure drop across the 
test section are measured using a Huba differential pressure transmitter 
(MODEL: 652.91410000002) having a range of 0-100mbar. Constant-voltage 
power is supplied by a DC power supply (Thurlby Thandar Power Supply, 
Model: QPX 1200-L) with an output range of 0 to 60 V and 0 to 50 A to the 
25 integrated heaters on the backside of the chip to provide the desired heat 
flux for the flow boiling experiment. An integrated 5x5 diode temperature 
sensor array is used to measure the temperature distribution on the chip. A 
Thermatron liquid-to-air heat exchanger (Model 735SPC0A01) is installed 
downstream of the test section to cool the exiting hot water from the test 
section before it enters the reservoir. Swagelok Stainless Steel pipes and 
fittings are used to construct the flow loop. A high-speed camera, Photron 
FASTCAM SA5 1000K-M3, which can capture 7500 frames per second at a 
resolution of 1024 x 1000 pixels and up to a million frames per second at 
reduced resolution is mounted over microgap test piece to capture visual data. 
The data from all different sensors are collected using a computer- based Data 
acquisition and measurement control system Agilent 34980A Multifunction 
Switch/Measure Unit and typical plug-in modules. A schematic diagram of 
flow loop with high speed camera, photograph of the actual set-up and 
photograph of high speed camera set up are shown in Fig. 3.1, 3.2 and 3.3 
respectively.  
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Fig. 3.1:  Schematic diagram of the flow loop. 
 
 
Fig. 3.2:  Photograph of the actual experimental set-up. 
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Fig. 3.3:  Photograph of high speed camera setup mounted vertically on top 
of test section. 
 
3.2 Test section 
Schematic diagram and flow direction of the microgap and microchannel test 
sections are presented in Fig. 3.4 and 3.5. A silicon test piece, a top cover and 
a base plate are the main three components of test section. The test piece 
consists of 12.7 x 12.7 mm silicon heat sink mounted on a printed circuit 
board (PCB). The thermal test dies are fabricated using a five-inch type-P 
silicon wafer with orientation 111. The dies are 625 µm thick and are diced in 
an array of 5 x 5. The diced chips are mounted on printed circuit boards (PCB) 
using 63Sn/ 37Pb solder bumps. The test piece includes 25 heat sources and 
temperature-sensing diodes as shown in Fig. 3.6. Each of the 25 
heater/temperature sensor elements is 2.54 mm x 2.54 mm in size and 
incorporates a heating element and integrated diode sensors for on-die 
temperature monitoring. Only .002Amp current is flowing through all the 25 
Test Section 
High Speed 
Camera 
Light 
Source 
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diodes during the temperature measurement and this is less than .1% of current 
flow through heaters. Top cover is made of polycarbonate and a 1.27 x 1.27 
cm Pyrex glass of thickness .3cm is fitted in it to get clear flow visualization. 
A desired dimension groove is maintained at the bottom of the Pyrex glass. 
Top cover including Pyrex glass is positioned over PCB including silicon test 
piece in such a manner that it makes the desired microgap dimension over the 
test surface. During experiment, water flow between the diced silicon chip 
(opposite surface to the attached heater and sensor) and bottom of the Pyrex 
glass. For microchannel test piece, channels are cut into the top surface of the 
chip. A square O-ring is used to seal the test piece between the cover and the 
chip to ensure good sealing of the heat sink. Four set screws are used at the 
four corners to bolt the top cover with base plate through test piece. After 
assembling the test section, the actual dimension is measured using Mitutoyo 
3-axis Measuring Microscope (MF-B1010C) with camera. Inlet and outlet 
manifolds are formed within top cover across the heat sink. Moreover, holes 
are drilled into the top cover for locating the pressure taps, thermocouples, 
fluid inlet and fluid outlet. The photograph of the test section is shown in Fig. 
3.7. 
 
Fig. 3.4a:  Schematic diagram of microgap flow direction. 
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Fig. 3.4b:  Schematic diagram of microgap test section. 
 
 
Fig. 3.5:  Schematic diagram of microchannel test section. 
30 
 
 
 
Fig. 3.6:  Test piece with 5 x 5 array of heating elements and integrated diode 
temperature sensors. 
 
Fig. 3.7:  Photograph of test section. 
3.3 Silicon diode temperature sensor calibration 
Diode temperature sensor is calibrated to characterize the voltage drop (Vd) – 
temperature response (Td) for temperature measurement during test procedure. 
Calibration is performed from 20 to 90˚C temperature, in steps of 10˚C in 
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conventional, controlled and uniform-temperature oven. Calibrated 
thermocouples are positioned over the test piece to monitor its temperature 
and high thermal conductivity thermal paste is used to secure proper contact 
between thermocouple and test piece. When the temperature in the oven 
reaches each desired steady-state value and measurements from thermocouples 
are the same and remain unchanged with time, typically in 30–40 min, the 
voltage drop across each diode is recorded. By correlating the voltage drop to 
temperature, the voltage drop - temperature response of each diode can be 
seen almost linear in Fig. 3.8. 
 
Fig. 3.8: Typical Silicon diode temperature sensor calibration curve 
(individual 25 Diodes). 
 
3.4 Heat loss characterization 
Reduction and quantification of heat losses are always difficult for heat 
transfer studies in microscale domain. Heat losses occur from test section 
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during flow boiling process due to conduction through the top cover and base 
plate, natural convection and radiation. Heat loss due to radiation can be 
neglected for the present experimental condition. A typical thermal resistance 
network is presented in Fig.3.9.  
 
 
Fig. 3.9: Thermal resistance network. 
 
During flow boiling experiment, silicon test piece (thermal conductivity is ≈ 
125W/mk) is covered by polycarbonate top cover assembled with Pyrex glass 
(thermal conductivity ≈ 0.25W/mk and 1W/m k respectively). Base plate is 
made of Teflon (thermal conductivity ≈ 0.2W/mk). So, the test section is 
almost thermally insulated during experiment which reduces errors due to heat 
losses from test piece to the ambient. The ambient temperature in the lab is 
considered constant throughout the test. Moreover, integrated heaters are used 
for heating and test chip thickness is very small (625μm). These heaters 
provide a lower thermal resistance between the heater and the channels than a 
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discrete heater allowing smaller heat losses, and hence better accuracy. In 
addition, the test chip is attached with PCB board by die-attach epoxy material 
of which thermal conductivity ≈ 5  W/mk and side walls of the test chip are 
covered with this epoxy as shown in Fig.3.10. This epoxy works as thermal 
insulator to restrict heat loss from the edges and to prevent fluid penetration to 
the heaters. A similar technique was used by Geisler and Bar-Cohen [49]. 
 
Fig. 3.10: Test piece attached with PCB. 
 
 
Fig. 3.11: A typical curve for percentage heat loss as a function of qsupply for 
silicon test section. 
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Thus, net heat loss, 𝑞𝑙𝑜𝑠𝑠 during flow boiling condition is very small in 
microscale domain and from early nucleate boiling to partial dryout, heat loss 
estimates range from 10% to 4% of 𝑞𝑠𝑢𝑝𝑝𝑙𝑦 for silicon test piece as shown in 
Fig.3.11. 
These heat losses are determined experimentally as follow,  
An energy balance can be written for each heater as, 𝑞𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑞𝑓𝑙𝑢𝑖𝑑 + 𝑞𝑙𝑜𝑠𝑠 
A constant voltage power source is applied to the 25 heaters of the chip 
without any fluid flow over test piece. Thus, 𝑞𝑓𝑙𝑢𝑖𝑑 is considered to be zero 
and 𝑞𝑙𝑜𝑠𝑠 is the heat loss determined by measuring 𝑞𝑠𝑢𝑝𝑝𝑙𝑦 that can be 
sustained at each heat sink base temperature.  
All the 25 heating elements are connected in parallel and supplied with a 
single DC voltage source. Each heating element has a resistance of 33.2 ± 0.2 
Ω at room temperature. Thus, the total current is divided equally through the 
individual heating elements. The heat generated by each element is calculated 
from the applied voltage and the current passing through the individual 
heating elements.  
Current for individual cell, Iindividual cell = Itotal /25 
Power for individual cell, qindividual cell =V x (Itotal/25) 
At the steady state condition, at which time reading from all the diode 
temperature sensors are within ±0.1°C, temperature readings from all diode 
temperature sensors are measured. The temperature readings from the 25 
diodes are then recorded over a 2-min period and averaged. The test procedure 
is repeated with increasing the power input. Each time-averaged diode 
temperature is then correlated to the input power of each heating element and 
a linear relationship is established for each heater. This relationship, 𝑞𝑙𝑜𝑠𝑠 =
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𝑐1𝑇𝑑 + 𝑐2, is then used during the flow boiling experiment to account for the 
local heat losses for each of 25 heaters. A similar approach was adopted by 
Harirchian and Garimella [27], Bogojevic et al [45], Lee et al [63], Bao et al 
[74] to determine the heat loss. Heat loss characterization curves for all the 25 
heating elements are given in Fig.3.12. 
 
Fig. 3.12: Heat loss characterization curve (individual 25 heating elements). 
To verify the experimentally determined heat loss, the energy balance 
obtained across the test section assembly is evaluated for single-phase fluid 
flow. This single-phase heat transfer tests were conducted at same mass flow 
rates as used during flow boiling tests. Energy balance analysis, 𝑞𝑙𝑜𝑠𝑠 =
𝑞𝑠𝑢𝑝𝑝𝑙𝑦 − ?̇?𝑤𝑎𝑡𝑒𝑟𝑐𝑝𝛥𝑇, is used. Single-phase flow is chosen since the inlet 
and outlet of the test piece are easily defined from known temperatures. 
Moreover, single phase heat loss calculation is a conservative approach, 
although the actual heat loss would be lower for two phase flow boiling cases. 
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The average diode temperature is correlated to this calculated heat loss data 
and a linear relationship is obtained. The heat loss varies over the range of 
flow rates considered for the test section. One sample heat loss data without 
water and with water in single phase region are compared in Fig. 3.13 and the 
difference is found less than15%. 
 
Fig. 3.13: Heat loss characterization curve. 
 
Fig. 3.14: Comparison of % heat loss as a function of qsupply for silicon test 
section at two different mass fluxed and calculation methods. 
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Moreover, it was observed that under single-phase condition, the percentage 
heat loss shows a little sensitivity to the mass flux, for a particular qsupply and 
%heat loss increase with the decrease of mass flux as presented in Fig. 3.14. 
The %heat loss varies from 15% to 8.5% over the range of qsupply for 
calculation method, qloss = qsupply-mwatercp∆T and from 14.5% to 7.5% over the 
range of qsupply for calculation method, qloss = C1Td+C2. 
3.5 Test procedure 
Experiments are conducted using deionized water mass fluxes range from 390- 
1000kg/m²s for different microgap dimensions from a range of 80μm-1000μm 
at imposed effective heat flux, q"eff  ranging from 0 to 120W/cm². An array of 
integrated micro-temperature sensors is used in this study to obtain the local 
wall temperatures. 
Deionized water in the reservoir is fully degassed before initiating each 
experimental run.  Two cartridge heaters each of 600W are used to boil the 
reservoir water vigorously for one and half hour for degassing purpose. The 
dissolved oxygen is measured ≈ 4 ppm at 27.3˚C at the end of this degassing 
process. This DO measurement was done using a DO sensor (accumet AP84 
meter) with a measurement range of 0-20ppm and accuracy ±1.5% full scale. 
The deionized water is then driven into the loop using a gear pump at a 
constant flow rate and preheated by a preheater to approximately 86˚C to 
91˚C, providing desired microgap inlet subcooling. Flow rate and inlet fluid 
temperature are kept constant throughout the test. In each test, once steady 
states of flow rate and inlet temperature are achieved, the power supply to the 
heaters is set to the desired value to heat up the chip wall temperature. The 
heat flux to the chip is increased from zero to the point at which the maximum 
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wall temperature reaches 150˚C. As the solder bumps in the test chip may melt 
and damage the test chip above this temperature, wall temperature is limited to 
this temperature. Steady state is reached after about 20–30 min in each test 
run, when all temperature readings are within ±0.5 °C for about 2 min. The 
entire power, temperature, pressure and flow rate are measured using data 
acquisition system over a 3 min period. Thus, the data presented in this thesis 
are the time averaged data. The heat flux is then increased for the next test, in 
increments of 10 W/cm², and the experimental procedure repeated. At each 
heat flux, simultaneous high speed flow visualizations are video-recorded 
from the top of the heat sink at frame rate 5000fps with the heat transfer and 
pressure drop measurements. 
 
3.6 Measurement uncertainties 
The measurement accuracies for the T-type thermocouples and the diode 
temperature sensors are ±0.5 °C and ±0.3 °C respectively. The measurement 
error for the flow meter is ±5ml/min and that of the inlet and outlet pressure 
transducer is ±1.8 mbar. The measurement error for the differential pressure 
transducer is ±1 mbar. The uncertainties in the measurements of the microgap 
dimensions are ±10 µm and uncertainty associated with the voltage and 
current measurements are estimated to be ±0.06V and ±0.15A respectively. 
Furthermore, the uncertainty associated with the heat flux measurements and 
pressure drop measurements are estimated to be 2%-8% and 4%-18% 
respectively. A standard error analysis based on the principles proposed by 
Taylor [61] revealed uncertainties in the reported heat transfer coefficients to 
be 4%-10%. More details on uncertainty analysis are available in Appendix A. 
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Chapter 4: Characteristics of two-phase flow boiling in 
microgap channel 
 
The current chapter presents the heat transfer and pressure data of three 
different dimension microgap heat sinks collected during the experimental 
program. Experimental results are discussed to characterize the two phase 
flow boiling heat transfer and pressure drop behaviors in microgap channel. 
Vapor confinement criteria was adopted from Harirchian and Garimella [8] 
and experimental data was plotted based on this criterion to predict the vapor 
confinement inside the microgap channel under different operating conditions 
and microgap dimension. The heat transfer mechanisms are explained based 
on the vapor confined criteria and flow boiling regime. High speed 
visualizations are shown to validate the explanation.  
 
4.1 Introduction 
Two-phase microgap channel cooling concept has been recently proposed for 
cooling the heat sources directly in application of electronic devices thermal 
management. This concept is relatively new and more research should be 
carried out systematically to investigate the size effects of microgap channel 
on heat transfer and pressure drop mechanisms.  
 
In this study, local flow boiling phenomena in different microgap sizes have 
been investigated experimentally. Experiments are performed in silicon based 
microgap heat sink having microgap of depth 190 μm, 285 μm and 381 μm, 
using deionized water with inlet temperature of 86˚ C. The effects of mass flux 
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and heat flux on heat transfer coefficient and pressure drop characteristics are 
examined by using three different mass fluxes 420 kg/m²s, 690 kg/m²s and 
970 kg/m²s and effective heat flux varying from 0 to 110 W/cm². An array of 
integrated micro-temperature sensors is used in this study to obtain the local 
temperatures and subsequently local heat transfer coefficients are determined. 
Apart from these experimental investigations, simultaneous high speed 
visualizations are conducted to observe and explore the mechanism of flow 
boiling in microgap channel.  
 
The results of this study show that flow boiling heat transfer coefficient is 
dependent on gap size, and the lower the gap size, higher the heat transfer 
coefficient is achieved. Moreover, it has been observed that confined slug and 
annular boiling are the dominant heat transfer mechanisms in microgap 
channels after the onset of nucleate boiling. Hence, local heat transfer 
coefficient increases significantly because of thin film evaporation during 
confined boiling at high heat flux.  
 
4.2 Microgap geometry and test condition 
Key details of the experiments are described in this section. More details of 
test loop, test section, test procedure, calibration procedure, and heat loss 
calculation are described in chapter 3.  
 
Three silicon microgap based heat sinks having gap depth of 190 μm, 285 μm 
and 381 μm were investigated. These studies were carried out using deionized 
water at mass flux ranging from 420 kg/m²s to 970 kg/m²s with inlet fluid 
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temperature 86˚C and effective heat flux up to 110 W/cm². Table 4.1 includes 
the microgap dimensions and the test conditions used during experiments. 
 
Table 4.1  
Microgap dimensions and experimental conditions used for flow boiling heat 
transfer and pressure drop study. 
Case Length, 
L (cm) 
Width, 
W (cm) 
Gap Depth, 
D (µm) 
Mass Flux, 
G (kg/m²s) 
Inlet Fluid 
Temp, Tf;i (˚C) 
𝒒𝒆𝒇𝒇
′′   
(W/cm²) 
1.1  
1.27 
 
1.27 
 
190.34 
420 86.49 0-90 
1.2 690 86.73 0-65 
1.3 970 86.58 0-65 
2.1  
1.27 
 
1.27 
 
285.22 
420 86. 90 0-100 
2.2 690 86.56 0-100 
2.3 970 86.34 0-100 
3.1  
1.27 
 
1.27 
 
380.79 
420 86.75 
 
0-60 
 3.2 690 86.79 0-90 
3.3 970 86.42 0-110 
 
4.3 Data reduction 
4.3.1 Heat transfer data reduction 
The effective heat transfer rate, 𝑞𝑒𝑓𝑓 to the fluid in microgap channel is 
obtained by: 
𝑞𝑒𝑓𝑓 = 𝑞 − 𝑞𝑙𝑜𝑠𝑠………………………………...................................... (4.1) 
where 𝑞 is  input power and  𝑞𝑙𝑜𝑠𝑠 is heat loss computed as explained in the 
earlier section. 
The effective heat flux 𝑞𝑒𝑓𝑓"   that the heat sink can dissipate is calculated from: 
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𝑞𝑒𝑓𝑓
" = 𝑞𝑒𝑓𝑓
𝐴
 ………………………………......................................... (4.2) 
where A is the base area of heat sink, A=W × L. 
 
According to Bertsch et al. [62], due to the short length of the test piece as 
well as largely saturated fluid conditions over the heated surface the test piece 
wall along the flow direction can be assumed isothermal. Moreover, as 
explained in Lee et al. [63], since the inlet fluid temperature is close to its 
saturated value the subcooled boiling region extends only over a short 
distance. Heat conduction effect along the flow direction can be neglected in 
saturated region and uniform heat flux condition can be considered. The 
temperature of the fluid also can be assumed to vary linearly with distance.  
  
Subcooled water (Tf,i < Tsat) is supplied into the heat sink for all test 
conditions. The test section can therefore be divided into two regions: an 
upstream subcooled inlet region (𝐿𝑠𝑝) and a downstream saturated region 
(𝐿𝑠𝑎𝑡); the location of zero thermodynamic equilibrium quality (x = 0) serves 
as a dividing point between the two regions. The length of the two regions can 
be evaluated from, 
𝐿𝑠𝑝 = ?̇?𝑐𝑝(𝑇𝑠𝑎𝑡,0−𝑇𝑓,𝑖)𝑞𝑒𝑓𝑓" 𝑊 ………………………………..............................… (4.3) 
and 
𝐿𝑠𝑎𝑡 = 𝐿 − 𝐿𝑠𝑝…………………………………...................................... (4.4) 
where 𝑇𝑠𝑎𝑡,0  is the saturation temperature at the location where x = 0. In the 
present study, 𝑇𝑠𝑎𝑡,0  is evaluated using the measured inlet pressure, 𝑃𝑖 as 
pressure drop across the subcooled region is small. Eqs. (3) and (4) indicate as 
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the heat flux increases for a constant mass flow rate, 𝐿𝑠𝑎𝑡 increases at the 
expense of  𝐿𝑠𝑝. 
The local heat transfer coefficient in microgap is calculated from, 
ℎ𝑧 = 𝑞𝑒𝑓𝑓"𝑇𝑤−𝑇𝑓……………………………………..................................... (4.5) 
in which 𝑇𝑓 is the fluid temperature as defined by  
𝑇𝑓 = 𝑇𝑓,𝑖 + 𝑞𝑒𝑓𝑓′′ 𝑊𝑧?̇?𝑐𝑝  (Single-phase region)………………...................... (4.6) 
where 𝑧, ?̇? and 𝑐𝑝 are the axial distance, mass flow rate and specific heat 
respectfully. 
𝑇𝑓 = 𝑇𝑠𝑎𝑡 (Saturated region).................................................................. (4.7) 
𝑇𝑤 , is the local wall temperature. This temperature is corrected assuming one 
dimensional heat conduction through the substrate 
 𝑇𝑤 = 𝑇𝑑 − 𝑞𝑒𝑓𝑓" 𝑡𝐾𝑠  ........................…………………….………………... (4.8) 
where 𝑡 and 𝐾𝑠 are the substrate thickness and thermal conductivity 
respectively. 𝑇𝑑 is the measured temperature by an integrated diode at position 
15, which is the location last downstream along the center row (as shown in 
Fig. 3.6). All the heat transfer results presented in this work are based on this 
position in the microgap heat sink as it is most likely to experience the highest 
degree of saturated boiling. However, the wall temperature variation of test 
sections in the lateral direction is determined to be within ≈ 0.4 º C at uniform 
flow condition and before dryout takes places. Wall temperature variation with 
effective heat flux at three spanwise locations with the diode sensors 10, 15 
and 20 are shown in Fig. 4.1. 
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Fig. 4.1: Variation of local wall temperature at three spanwise locations.  
 
Bond number is defined as the ratio of buoyancy force to surface tension 
force. 
𝐵𝑜 = �𝑔(𝜌𝑓−𝜌𝑔)
𝜎
�𝐷2........................………...........………………… (4.9) 
where σ is the surface tension, g is the gravitational acceleration, 𝜌𝑓 and  𝜌𝑔 
are liquid and vapour densities of fluid respectively. 𝐷 is the gap depth. Some 
other non-dimensional parameter like Boiling number, Bl which is non-
dimensional heat flux and Reynolds number, Re are defined as follows: 
𝐵𝑙 = 𝑞𝑒𝑓𝑓′′
𝐺ℎ𝑓𝑔
    ........................………...........………...........………… (4.10)        
 𝑅𝑒 = 𝐺𝐷
𝜇𝑓
   ........................……………………...........…………..… (4.11) 
where ℎ𝑓𝑔 and 𝜇𝑓 are the heat of vaporization and dynamic viscosity of fluid 
respectively. 
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4.3.2 Pressure drop data reduction 
Pressure taps are located at the upstream and downstream of the microgap in 
the inlet and outlet plenum. These taps are positioned at 2.5mm from the inlet 
and outlet of test die. Pressure losses are calculated based on the methods 
described in in Blevins [64], Chislom [65] and Collier and Thome [66].  
 
As mentioned earlier, subcooled water (Tf,i < Tsat) is supplied into the heat sink 
for all test conditions. The pressure drop associated with the liquid flow at the 
sudden contraction is calculated as 
∆𝑃𝑐 = 𝐺22𝜌𝑓 �1 − �𝐴𝑔𝑎𝑝𝐴𝑚𝑎𝑛�2 + 𝐾𝑐�  ..................... ………............…….… (4.12) 
where 𝐺 is mass flux in the microgap, 𝜌𝑓 is  liquid density and 𝐾𝑐 is the non-
recoverable loss coefficient for laminar flow given by 
𝐾𝑐 = 19 �𝜇𝑓𝐺𝐷� + .64    ………….....................…………………......... (4.13) 
The pressure recovery at the sudden enlargement at the exit is calculated as 
∆𝑃𝑒 = 𝐺2𝜌𝑓 �𝐴𝑔𝑎𝑝𝐴𝑚𝑎𝑛� �1 − �𝐴𝑔𝑎𝑝𝐴𝑚𝑎𝑛�� �1 + �𝜌𝑓𝜌𝑔 − 1� 𝑥�   ..…………….... … (4.14) 
 
Pressure losses by the sudden contraction and the sudden enlargement were 
very small compared with the frictional pressure drop in the microgap. Though 
these values are only 1-6% of total pressure changes, the pressure drop and the 
pressure recovery at the sudden contraction and the sudden enlargement were 
considered for calculation of the total pressure drop. Therefore, the pressure 
drops (𝛥𝑃𝑔𝑎𝑝) reported below are 
𝛥𝑃𝑔𝑎𝑝 = [(𝑃𝑖 − ∆𝑃𝑐) − (𝑃𝑜 + ∆𝑃𝑒)]   ……..…………......................... (4.15) 
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4.4 Results and discussion 
4.4.1 Vapor confinement criterion in microgap channel 
Vapor bubbles grow from nucleation sites at the heated surface. As the heat 
flux is increased, a confined slug/annular flow appear in these microgaps. 
During confined flow, vapor flow in the center of the microgap, creating a 
vapor core and separated from microgap wall by a thin liquid layer. Thin film 
evaporation occurs throughout the liquid vapor interface of the bubbles. Heat 
transfer rate increases significantly when the thin liquid layer is the only major 
thermal resistance to conduction. If vapor bubble is relatively smaller than the 
microgap depth, unconfined flow occurs. Criterions are developed by many 
researchers to define vapor confinement. For example, Monde et al. [67] have 
used Bond number, Bo to relate gap depth to bubble departure diameter. 
Several researchers including Monde et al. [67], Geisler and Bar-Cohen [49] 
identify Bo≈1 as the transition criteria between confined and unconfined flow. 
In this experiment, Bond number is below 1, for all gap size meets the 
confinement criterion.  
 
Harirchian and Garimella [8] have shown that flow confinement depends not 
only on the dimension and fluid properties but also on the mass flux since the 
bubble diameter varies with flow rate. Based on their study, they proposed a 
new correlation, represented by, 
𝐵𝑜0.5 · 𝑅𝑒 = 1
𝜇𝑓
�
𝑔�𝜌𝑓 − 𝜌𝑔�
𝜎
�
0.5
𝐺𝐷2 = 160 
This new flow boiling transition criteria recommends that for 𝐵𝑜0.5 · 𝑅𝑒 <160, vapour bubbles are confined in microgap and microchannel. By adopting 
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this criterion, all the experimental data have been plotted and found all 
microgap channels with confined flow as shown in Fig. 4.2.  
 
Harirchian and Garimella [8] developed a flow regime map by correlating the 
convective confinement number, 𝐵𝑜0.5 · 𝑅𝑒, which is proportional to 𝐺 x 𝐷2 
and a non-dimensional form of the heat flux, Bl · Re, which is proportional to 
𝑞𝑒𝑓𝑓
" x 𝐷. By adopting this method, Fig. 4.3 presents the flow regime map for 
DI water in microgap channel. It can be seen from figure that vapor 
confinement is observed for all gap and mass flux and as heat flux increase, 
transition occur from confined slug to confined annular flow. Flow 
visualizations have been performed on several microgap test pieces to support 
the observations of flow regime map. 
 
Visualization was conducted using a high-speed camera (FASTCAM SA5 
1000K-M3) at 5000fps. Fig. 4.4 and 4.5 present the flow visualization images 
for 285 μm gap at 29 W/cm² and 58 W/cm² respectively. At heat fluxes of 29 
W/cm², confined vapor slugs are observed over the heated surface. As the heat 
flux increase to 58 W/cm², heated surface is covered with a vapor core 
separated from wall by a thin liquid film. This observations match well with 
the flow regime map shown in Fig. 4.3. 
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Fig. 4.2: Vapor confinement criterion in microgap channel. 
 
 
Fig. 4.3: Flow regime map for DI water in microgap channel. 
 
1 E+02 
1 E+03 
1 E+04 
1E-03 1E-02 1E-01 
Re
 
Bo 
Unconfined Flow 
Confined Flow 
Re · Bo0.5= 160 
 
Bl · Re = 0.017(Bo 0.5· Re)0.7 
1E-03 
1E-02 
1E-01 
1E+00 
1E+01 
1E+01 1E+02 1E+03 
Bl
 · 
Re
  
Re ·Bo0.5 
Confined  
Annular 
Churn/Annular 
Confined Slug 
Bubbly 
Re · Bo0.5= 160 
49 
 
 
Fig. 4.4: Flow visualization at heat flux, 𝑞𝑒𝑓𝑓" =29W/cm² (sketch of microgap 
cross-sections showing vapor slug in confined slug flow). 
 
 
Fig. 4.5: Flow visualization at heat flux, 𝑞𝑒𝑓𝑓" =58W/cm² (sketch of microgap 
cross-sections showing thin liquid films on the gap walls in confined annular 
flow). 
 
 
4.4.2 Boiling curve 
The effect of microgap sizes on boiling curve for mass flux of 420 kg/m²s is 
shown in Fig. 4.6a. The point in the figure where the wall temperature exhibits 
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increases gradually with the increase of heat flux for all gap sizes and wall 
temperature varies for different gap sizes. This dependence of the wall 
temperature on the heat flux for these microgap sizes at low mass flux 420 
kg/m²s may indicate that convective boiling rather than nucleate boiling is the 
main heat transfer mechanisms. It can be seen from the figures that wall 
temperature remain more uniform and low as the gap size decrease. This 
observation can be attributed to rapid increase of vapor quality and early 
transition to annular flow in smaller gap with a fixed mass flux.   
 
Flow visualizations have been performed as part of this work to support and 
confirm this observation. Flow visualization images at microgap of depth 
190μm and 285µm for a fixed heat flux, 𝑞𝑒𝑓𝑓" =29W/cm² are shown in Fig. 4.7a 
and 4.7b. It can be seen from figure that for a fixed heat flux condition, 
smaller gap experiences a confined annular flow whereas larger gap 
experiences confined slug flow. During confined annular flow, it is obvious 
that the void fraction, and thus the vapor quality are much larger than in 
confined slug flow. Moreover, due to confined annular flow, thin film 
evaporation occurs throughout the liquid-vapor interface of the vapor core and 
is the most effective heat transfer mechanism occurring in the boiling process. 
This increases the heat transfer performance of smaller gap and maintain 
lower wall temperature compare to higher gap at same mass and heat flux. 
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Fig. 4.6a: Effect of microgap sizes on local wall temperatures at G = 420 
kg/m²s.  
 
 
Fig. 4.6b: Effect of mass fluxes on local wall temperatures at microgap of 
depth 381μm. 
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Boiling curves are plotted for 381 µm gap test section at three different mass 
fluxes as shown in Fig. 4.6b. As can be seen from the figure, a higher heat flux 
can be achieved with the increase of mass flux in the single phase region and 
ONB occurs earlier at lower mass flux. After the ONB, boiling curves show 
sensitivity with mass flux and lower mass flux maintain lower wall 
temperature for a fixed heat flux. This behavior is attributed to earlier 
transition to annular flow as well as rapid increase of vapor quality for lower 
mass flux at a fixed heat flux. 
 
Fig. 4.7a: Flow visualization at microgap of depth 190μm. 
 
Fig. 4.7b: Flow visualization at microgap of depth 285µm. 
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4.4.3 Two-phase local heat transfer coefficient 
The effect of microgap sizes on local heat transfer coefficient for a fixed mass 
flux 420 kg/m²s is shown in Fig. 4.8a. The local heat transfer coefficient is 
calculated at position 15, the central diode in the last downstream location as 
indicated in Fig. 3.6. The presence of local temperature sensors allows the 
local heat transfer coefficients to be computed. It can be seen from Fig. 4.8a, 
for low heat flux input, the local heat coefficient increases almost linearly with 
heat flux. On the other hand, at higher heat flux input, the curve shows a 
change in slope after the ONB as the heat transfer coefficient increase rapidly 
after boiling commences and the local heat transfer coefficient is increased 
with decreasing the microgap size. Due to the smaller microgap size relative to 
the bubble diameter at departure, bubbles occupy the microgap and create 
confinement effects. This confinement effect gives the higher local heat 
transfer coefficient for smaller microgap size. In small microgap size, bubble 
nucleation at the walls is not the only heat transfer mechanism; in addition the 
evaporation of this liquid film at the walls generates slug and annular flows 
and this also contributes to the heat transfer. Therefore, the value of local heat 
transfer coefficient is larger for this smaller depth of microgap. The heat 
transfer coefficient starts to decrease at around 50-60 W/cm². This is attributed 
to partial dryout that happens in microgap wall with higher heat flux. 
 
The influence of mass fluxes on local heat transfer coefficient for 381 µm gap 
test section is shown in Fig. 4.8b. From figure, it can be seen that the heat 
transfer coefficients show dependency on mass flux after the onset of nucleate 
boiling and the local heat transfer coefficients decrease with increase of mass 
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flux. This result can be explained as- the vapor quality at the outlet is higher 
for a lower mass flux at a given heat flux. Because of these decreases of vapor 
quality, the local heat transfer coefficient decrease significantly at higher mass 
flux.  Similar phenomenon has been observed by Bertsch et al. [68]. The heat 
transfer coefficient is decreased at high heat flux for mass flux 420 kg/m²s is 
because of early transition to annular flow and consequently early partial wall 
dryout. This dryout phase has not been observed for higher mass fluxes here 
because of limitation in the input heat flux to prevent high wall temperature 
that would damage the test die.  
 
 
Fig. 4.8a: Effect of microgap sizes on local heat transfer coefficients at G = 
420 kg/m²s. 
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Fig. 4.8b: Effect of mass fluxes on local heat transfer coefficients at microgap 
of depth 381μm. 
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Fig. 4.9a: Effect of microgap sizes on pressure drop at G = 690 kg/m²s. 
 
 
Fig. 4.9b: Effect of mass fluxes on pressure drop at microgap of depth 190μm. 
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Fig. 4.9b shows the variation of pressure drop as a function of heat flux for a 
range of mass fluxes for microgap size of 190 μm. It is observed that in the 
two phase region, the pressure drop increases with increasing heat flux as 
vapor content increase subsequently. It is also observed from figure that for a 
fixed heat flux, pressure drop increase with increase of mass flux. Since the 
test section has an upstream subcooled region because of subcooled inlet fluid, 
subcooled region increase with increase of mass flux for same heat flux which 
may attributed to higher frictional pressure drop at higher mass flux.  
 
4.5 Conclusions 
In this study, experiments have been performed in order to examine two-phase 
flow heat transfer and pressure drop in a silicon microgap based heat sink for 
microgap of depth 190 μm, 285 μm and 381 μm, using deionized water with 
inlet temperature of 86˚C. T he effects of mass flux and heat flux on heat 
transfer coefficient and pressure drop characteristics are examined by varying 
the mass flux ranging from 420 kg/m²s to 970 kg/m²s and effective heat flux 
from 0 to 110 W/cm². An array of integrated micro-temperature sensors allows 
local heat transfer coefficients to be determined. In addition, high speed 
visualizations at 5000fps are performed along with experiments to investigate 
the mechanism of flow boiling in microgap channel. The size effects on 
different parameters have also been investigated. The extensive microgap 
boiling experiments and analysis has led to some important findings: 
• In this experiment, vapor confinement is observed for all gap and mass 
flux and as heat flux increase, transition occur from confined slug to 
confined annular flow. 
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• After the onset of nucleate boiling, boiling curves show sensitivity to 
heat and mass flux. Moreover, lower the microgap depth, better the 
performance is achieved. 
• A rapid increase of vapor quality and early transition to annular flow in 
smaller gap with a fixed mass flux is observed during flow 
visualization. 
• The lower the microgap size, the higher the local heat transfer 
coefficient. This is due to the confinement effect which occurred in 
microgap size if microgap size is smaller relative to the bubble 
diameter at departure for lower gap dimension. In addition, the lower 
the mass flux, the higher the local heat transfer coefficient because at a 
given heat flux; the vapor quality at the outlet is higher for a lower 
mass flux. 
• Significant effect of heat flux on pressure drop for lower gap sizes has 
been observed in this study while pressure drop remains almost 
uniform for higher gap sizes. In addition, pressure drop increase with 
increase of mass flux in two-phase flow for all microgap. 
 
Related publications 
Tamanna Alam, Poh Seng Lee, Christopher R. Yap, Liwen Jin, 
“Experimental investigation of local flow boiling heat transfer and 
pressure drop characteristics in microgap channel”, International 
Journal of Multiphase Flow 42 (2012) 164–174.  
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Chapter 5: Comparison of flow boiling characteristics between 
microgap and microchannel 
 
This chapter presents the comparison of the performance of the microgap heat 
sink (heat transfer and pressure drop characteristics) with conventional straight 
microchannel heat sink.  The comparison is done with same footprint, same 
inlet mass flux and same effective heat flux supplied based on the footprint. 
High speed visualizations are shown to validate the experiment results and 
explanation.  
 
5.1 Introduction 
Two phase microgap heat sink has a large potential to minimize the drawbacks 
associated with two phase microchannel heat sink, especially flow 
instabilities, flow reversal and lateral variation of flow and wall temperature 
between channels. This new concept of the two-phase microgap heat sink is 
very promising due to its high heat transfer rate and ease of fabrication. 
However, comparison of the performance of the microgap heat sink (heat 
transfer and pressure drop characteristics) with some conventional heat sink 
has not been investigated extensively.  
 
In this study, experiments have been conducted to investigate the heat transfer 
and pressure drop characteristics of deionized water (DI) in microgap heat 
sink and compare these experimental results with similar data obtained for 
microchannel heat sink. These studies are carried out with the inlet DI water 
temperatures 86°C at different mass fluxes ranging from 400 kg/m²s to 1000 
kg/m²s, for effective heat flux 0 to 85 W/cm². High speed flow visualizations 
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are conducted simultaneously along with experiments to illustrate the bubble 
characteristics in the microchannel and microgap heat sink.  
 
Experimental result shows that microgap heat sink performs better at high heat 
flux and low mass flux due to confined slug and annular boiling dominance 
and consequent delay of dryout phase. So, this microgap technology is 
promising and effective method to dissipate very high heat fluxes in compact 
space with a smaller rate of coolant flow. Moreover, pressure drop is higher in 
microchannel than microgap heat sink at all the heat fluxes. In addition, 
encouraging results have been obtained using microgap as it can potentially 
mitigate local hotspot and maintain uniform wall temperatures over the heated 
surface.  
 
5.2 Microgap and microchannel geometry 
Key details of the experiments are described in this section. More details of 
test loop, test section, test procedure, calibration procedure, and heat loss 
calculation are described in chapter 3.  
 
Experiments were conducted at mass flux ranging from 400 kg/m²s to 1000 
kg/m²s with inlet water temperatures 86°C, for effective heat flux from 0 to 85 
W/cm². At each heat flux, simultaneous high speed flow visualizations from 
the top of the heat sink are performed at frame rate 5000fps with the heat 
transfer and pressure drop measurements. For performance comparison 
between microgap and microcannel, (W×D×L) of microgap is kept equivalent 
to (w×d×L×N) of microchannel. 
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Table 5.1 illustrates the microgap and microchannel dimensions and the test 
conditions used during experiments respectively.  
 
Table 5.1  
Microgap and microchannel dimensions and experimental conditions for flow 
boiling pressure drop and heat transfer comparative study. 
Test 
Piece 
Case L 
(mm) 
W 
(mm) 
D 
(µm) 
w 
(μm) 
ww  
(µm) 
d (µm) N G 
(Kg/m²s) 
Tf;i 
(˚C) 
𝑞𝑒𝑓𝑓
′′  
(W/cm²) 
M
ic
ro
ga
p 1.1  
 
12.7 
 
 
12.7 
 
 
190.34 
 
 
- 
 
 
- 
 
 
- 
 
 
- 
420 86.49 0-85 
1.2 690 86.73 0-55 
1.3 970 86.58 0-55 
M
ic
ro
ch
an
ne
l 2.1  
 
12.7 
 
 
12.7 
 
 
- 
 
 
208.28 
 
 
215.72 
 
 
385.70 
 
 
30 
420 86.40 
 
0-45 
2.2 690 86.06 0-55 
2.3 970 86.63 0-65 
 
5.3 Data reduction 
Pressure taps are located across the microgap and microchannel inlet and 
outlet plenum. These taps are positioned as close as possible to the test die. 
Pressure losses by the sudden contraction (∆𝑃𝑐) and the sudden enlargement 
(∆𝑃𝑒) were very small compared with the frictional pressure drop. Though 
these values are very small of total pressure changes, the pressure drop and the 
pressure recovery at the sudden contraction and the sudden enlargement were 
considered for calculation of the total pressure drop. Microgap pressure losses 
are calculated as given in equations 4.12, 4.13, 4.14 and 4.15.  
 
62 
 
The microchannel pressure drops (𝛥𝑃) are calculated as follows. As 
mentioned earlier, subcooled water (Tf,i < Tsat) is supplied into the heat sink for 
all test conditions. The pressure drop associated with the liquid flow at the 
sudden contraction is calculated as 
∆𝑃𝑐 = 𝐺22𝜌𝑓 �1 − �𝑁𝐴𝑐ℎ𝐴𝑚𝑎𝑛�2 + 𝐾𝑐�  .................... …………............……… (5.1) 
where 𝐺 is mass flux in the microgap, 𝜌𝑓 is  liquid density and 𝐾𝑐 is the non-
recoverable loss coefficient for laminar flow given by 
𝐾𝑐 = 0.0088 �𝑑𝑤�2 − 0.1785 �𝑑𝑤� + 1.6027    ....…..……................… (5.2) 
The pressure recovery at the sudden enlargement at the exit is calculated as 
∆𝑃𝑒 = 𝐺2𝜌𝑓 �𝑁𝐴𝑐ℎ𝐴𝑚𝑎𝑛� �1 − �𝑁𝐴𝑐ℎ𝐴𝑚𝑎𝑛�� �1 + �𝜌𝑓𝜌𝑔 − 1� 𝑥�   ..…………….......… (5.3) 
Therefore, the pressure drops (𝛥𝑃) reported below are 
𝛥𝑃 = [(𝑃𝑖 − ∆𝑃𝑐) − (𝑃𝑜 + ∆𝑃𝑒)]   ……………………………………. (5.4) 
 
The effective heat supplied, 𝑞𝑒𝑓𝑓 to the fluid in each test piece and the 
effective heat flux 𝑞𝑒𝑓𝑓"  is calculated as given in equations 4.1and 4.2. 
For microchannel, the total wetted area of the microchannels is: 
𝐴𝑐 = 𝑁(𝑤 + 2𝜂𝑑)𝐿................................................................................ (5.5) 
where N is total number of channels; 𝑤,  𝑑 and L are the width, depth and 
length of the channel respectively and  𝜂 is the efficiency of a fin with 
adiabatic tip which is correlated by: 
 𝜂 =  tanh(𝑚𝑑)
𝑚𝑑
  ......................................................................................... (5.6) 
and  
 𝑚 = � 2ℎ
𝐾𝑠𝑤𝑤
............................................................................................. (5.7) 
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where 𝐾𝑠 is the thermal conductivity of the substrate and 𝑤𝑤 is the width of 
the channel wall.  
So, the wall heat flux for microchannel is defined as 
𝑞𝑤
" = 𝑞𝑒𝑓𝑓
𝐴𝑐
 …………………………………………….......................... (5.8) 
 
The test section is divided into two regions: an upstream subcooled inlet 
region and a downstream saturated region as subcooled (Tf,i < Tsat) water is 
supplied into the heat sink for all test conditions; the location of zero 
thermodynamic equilibrium quality (x = 0) serves as a dividing point between 
the two regions. 
 
The local heat transfer coefficient in microgap is calculated as given in 
equations 4.5. 
The local heat transfer coefficient in microchannel is calculated from, 
ℎ𝑧 = 𝑞𝑒𝑓𝑓𝐴𝑐(𝑇𝑤−𝑇𝑓)……………………….…………................................… (5.9) 
in which 𝑇𝑓 is the fluid temperature as defined in equations 4.6 and 4.7. 
𝑇𝑤 , is the local wall temperature. This temperature is corrected assuming one 
dimensional heat conduction through the substrate  
 𝑇𝑤 = 𝑇𝑑 − 𝑞𝑒𝑓𝑓" (𝑡−𝑑)𝐾𝑠  (for microchannel )…………………………. …. (5.10) 
where 𝑇𝑑 is the measured temperature by an integrated diode. 
 
 
 
 
64 
 
5.4 Results and discussion 
The present flow boiling experiments with high speed flow visualizations are 
performed for deionized water mass fluxes ranging from 400 kg/m²s to 1000 
kg/m²s, imposed effective heat flux q"eff  ranging from 0 to 85W/cm² for 
microgap and microchannel heat sink to compare the heat transfer and 
pressure characteristics. All the heat transfer results presented in this work are 
based on the location last downstream along the center row (as shown in Fig. 
3.6) in the microgap and microchannel heat sink as it corresponds to the 
highest degree of saturated boiling. A significant progression of heat transfer 
performance is observed as move downstream of the flow over test section as 
shown in Fig. 5.1a and 5.1b. Moreover, the temperature variations of test 
section in the lateral direction are negligible before dryout phase as shown in 
Fig. 4.1.  
 
Fig. 5.1a: Variation of heat transfer coefficient curves along the centre row of 
streamwise direction at mass flux, G = 420kg/m²s for microgap heat sink.  
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Fig. 5.1b: Variation of heat transfer coefficient curves along the centre row of 
streamwise direction at mass flux, G = 420kg/m²s for microchannel heat sink. 
 
5.4.1 Flow visualization 
Fig. 5.2 illustrates the flow visualization of boiling processes at different 
imposed heat fluxes taken from the top of the microchannel at G=420kg/m²s. 
The flow pattern at a heat flux 9W/cm² in Fig. 5.2a shows that bubbles are 
nucleated on the channel walls. These bubbles are observed to grow and 
occupy almost the entire microchannel width. These bubbles are observed to 
coalesce and vapor slugs are formed in the microchannel.  At higher heat 
fluxes of 13, 18 and 23W/cm²; elongated slugs and annular flow patterns are 
observed in the microchannel.  Based on these flow visualizations, it is noted 
that an early establishment of slug/annular flow occurs in this microchannel of 
very small diameter. 
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Fig. 5.2: Flow visualization of boiling process for microchannel, 
G=420kg/m²s at heat fluxes (a) q "eff =9W/cm², (b) q"eff =13W/cm², (c) q"eff 
=18W/cm², (d) q"eff =23W/cm². 
 
Flow visualization of boiling processes at different imposed heat fluxes taken 
from the top of the microgap at G=420kg/m²s are shown in Fig. 5.3. At the 
heat flux 13W/cm², discrete bubbles are observed to nucleate over the 
microgap wall, detach and move downstream. During sliding along the 
microgap heated surface, detached bubbles grow slightly as can be seen at the 
exit of the gap. At the heat flux 22W/cm², nucleating bubbles are observed to 
confine in the microgap. These confined bubbles then expand and coalesce to 
form vapor slug. At higher heat fluxes of 29, 40 and 60W/cm²; confined 
(b) (a) 
(c) (d) 
Flow 
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annular flow patterns are observed to dominate the heat transfer mechanism in 
microgap heat sink.  
 
Fig. 5.3: Flow visualization of boiling process for microgap, G=420kg/m²s at 
heat fluxes (a) q "eff =13W/cm², (b) q"eff =22W/cm², (c) q"eff =29W/cm², (d) q"eff 
=40W/cm², (e) q"eff =60W/cm². 
 
5.4.2 Boiling curve 
Comparison of boiling curves between the microchannel and the microgap 
heat sink at different mass fluxes are illustrated in Fig. 5.4a, 5.4b and 5.4c. 
Tests are conducted at same inlet fluid temperature and local wall temperature 
is plotted against effective heat flux. The wall temperatures presented here are 
those measured near the exit at diode position 15. As can be seen from the 
figure, at the onset of nucleate boiling (ONB) the wall temperature exhibits a 
sudden change in slope from its single phase for both the heat sinks and lower 
Flow 
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wall temperature is needed to commence boiling over the heated surface for 
microcannel heat sink. It can also be seen from figure that microchannel 
maintains lower chip wall temperature for a fixed heat flux before 
encountering dryout phase. This is due to the fact that fluid gets more surface 
area to flow and can remove more heat from surface leading to lower surface 
temperature at low heat flux in microchannel test section. Moreover, early 
establishment of slug/annular flow and consequent rise of vapor quality in 
microchannel of very small diameter [[27], [69]] also attributes the better heat 
transfer performance at low heat flux. This early establishment of slug/annular 
flow is also observed by flow visualization presented in Fig. 5.2. However, 
dryout phase strikes very early for this heat sink at mass flux 420kg/m²s as 
shown in Fig. 5.4a. In contrast, lower heat removal rate is achieved at low heat 
flux region in microgap test section due to the smaller surface area. In 
addition, due to confined slug and annular boiling dominance in microgap heat 
sink at higher heat flux region as shown in Fig. 5.3, the microgap heated wall 
is constantly covered with confined bubbles and thin film evaporation happens 
throughout the liquid vapor interface. Consequently, heat removal rate 
increase and dryout phase delays at this heat sink at high heat flux. This results 
a better heat transfer performance of microgap heat sink at higher heat fluxes 
for a given mass flux. However, dryout phase delays in microchannel heat sink 
at higher heat fluxes by increasing the mass fluxes as observed in Fig. 5.4b 
and 5.4c. 
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Fig. 5.4a: Comparison of boiling curve between microchannel and microgap 
at mass flux, G = 420kg/m²s. 
 
 
Fig. 5.4b: Comparison of boiling curve between microchannel and microgap 
at mass flux, G = 690kg/m²s. 
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Fig. 5.4c: Comparison of boiling curve between microchannel and microgap 
at mass flux, G = 970kg/m²s. 
 
5.4.3 Two-phase local heat transfer coefficient 
Local heat transfer coefficient curves for microchannel and microgap heat sink 
at two different mass fluxes are presented in Fig. 5.5a and 5.5b. The local heat 
transfer coefficients are calculated at position 15, the central diode in the last 
downstream location as indicated in Fig. 3.6. Local heat transfer coefficient is 
plotted against wall heat flux. It can be seen from the Fig. 5.5a that the heat 
transfer coefficient increases with increasing heat flux. At low to medium heat 
flux, microchannel gives better heat transfer coefficient as slug/annular flow 
commences earlier in this small diameter heat sink as shown by flow 
visualization in Fig. 5.2. Further increment of heat flux in this microchannel 
leads to a decreasing trend of local heat transfer coefficient because of partial 
dryout. On the contrary, heat transfer coefficient is higher for microgap heat 
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sink than microchannel at high heat flux as microgap delays the dryout phase. 
In microgap, evaporation of this liquid film at the walls is due to confined slug 
/annular flow contributes to the heat transfer at high heat flux region. 
Therefore, the value of local heat transfer coefficient is higher for this 
microgap than microchannel heat sink. Similar phenomenon is also observed 
for higher mass flux as shown in Fig. 5.5b.  
 
The dependence of heat transfer coefficient on heat sink size should be 
considered in terms of a given amount of heat dissipation from the chip, i.e., a 
fixed value of effective heat flux, 𝑞𝑒𝑓𝑓"  from a design point of view. Thus, the 
heat transfer coefficients (as a function of effective heat flux) for microgap 
and microchannel heat sink at two different mass fluxes are presented in Fig. 
5.6a and 5.6b. It can be seen from figure that the heat transfer coefficient is 
higher for microgap heat sink for a given heat dissipation from the chip. 
 
Fig. 5.5a: Comparison of local heat transfer coefficient between microchannel 
and microgap as a function of wall heat flux at mass flux, G = 420kg/m²s. 
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Fig. 5.5b: Comparison of local heat transfer coefficient between microchannel 
and microgap as a function of wall heat flux at mass flux, G = 970kg/m²s. 
 
 
Fig. 5.6a: Comparison of local heat transfer coefficient between microchannel 
and microgap as a function of effective heat flux at mass flux, G = 420kg/m²s. 
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Fig. 5.6b: Comparison of local heat transfer coefficient between microchannel 
and microgap as a function of effective heat flux at mass flux, G = 970kg/m²s. 
 
5.4.4 Two-phase pressure drop characteristics 
Comparison of pressure drop between microchannel and microgap heat sink as 
a function of effective heat flux at two different mass fluxes is presented in 
Fig. 5.7a and 5.7b. From figure, it can be seen that the pressure drop increases 
with heat flux. This is attributed to the acceleration effect of vapor and the two 
phase frictional pressure drop in microchannel and microgap heat sink. Similar 
phenomenon has been observed by Harirchian et al. [27] and Lee et al. [63]. 
Moreover, it is observed that pressure drop is higher for microchannel than 
microgap heat sink at a given heat flux because of the large surface area in 
microchannel which induced more two phase frictional pressure drop than 
microgap. In addition, the slope of the pressure drop curve is higher for 
microgap at high heat flux. This is due to the rapid increase of vapor quality 
during confined annular boiling in microgap at high heat flux. 
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Fig. 5.7a: Comparison of pressure drop between microchannel and microgap 
at mass flux, G = 420kg/m²s. 
 
 
Fig. 5.7b: Comparison of pressure drop between microchannel and microgap 
at mass flux, G = 970kg/m²s. 
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5.4.5 Heat sink wall temperature uniformity 
Variation of local wall temperature with effective heat flux at mass flux, G = 
420kg/m²s for microgap and microchannel heat sink is plotted in Fig. 5.8a and 
5.8b respectively. Wall temperatures are taken at five streamwise locations 
along the centre row with the diode sensors 11, 12, 13, 14 and 15. Fig. 5.8a 
illustrates that after the ONB in microgap, wall temperatures for all the 
locations converge and maintain uniform wall temperature throughout the 
microgap wall at all heat flux condition. Confined slug and annular boiling are 
the two main heat transfer mechanisms in microgap heat sink. Thus, microgap 
heated wall is constantly covered up with confined bubbles and thin film 
evaporation happens throughout the liquid vapor interface. Thin liquid layers 
have low resistance to thermal diffusion and evaporation of liquid into the 
vapor core can promote the removal of substantial thermal energy from the 
walls. Consequently, microgap heat sink minimizes temperature gradient over 
the heated surface. Whereas, Fig. 5.8b illustrates that after the ONB in 
microchannel, all curves are converging but still there is a large variation of 
wall temperature along the streamwise location. This variation of wall 
temperature occurs due to the presence of different boiling regimes over the 
heated surface along the streamwise direction. Moreover, due to earlier partial 
dryout in microchannel at higher heat flux, the wall temperatures suddenly 
become very high and a large wall temperature variation is observed at these 
heat fluxes. Similar phenomena are also observed for higher mass fluxes as 
shown in Fig. 5.9a and 5.9b.  
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Fig. 5.8a: Variation of local wall temperature along the centre row of 
streamwise direction at mass flux, G = 420kg/m²s for microgap heat sink.  
 
 
Fig. 5.8b: Variation of local wall temperature along the centre row of 
streamwise direction at mass flux, G = 420kg/m²s for microchannel heat sink.  
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Fig. 5.9a: Variation of local wall temperature along the centre row of 
streamwise direction at mass flux, G = 690kg/m²s for microgap heat sink. 
 
 
Fig. 5.9b: Variation of local wall temperature along the centre row of 
streamwise direction at mass flux, G = 690kg/m²s for microchannel heat sink. 
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Maximum temperature reduction and minimization of temperature gradient on 
the heated surface of the device are the two important objectives in electronic 
cooling [23]. Local wall temperature variation with effective heat flux at mass 
flux, G = 420kg/m²s for microgap and microchannel heat sink is plotted in Fig. 
5.10a and 5.10b. Wall temperatures are taken at five spanwise locations with 
the diode sensors 5, 10, 15, 20 and 25. Experimental results shown in Fig. 
5.10a that microgap heat sink maintain uniform wall temperature and 
minimize temperature gradient along the spanwise locations at all heat flux 
conditions. In contrast, microchannlel heat sink shows a significant lateral 
variation of wall temperature at high heat flux in Fig. 5.10b as dryout is 
approached. This is because of the presence of different boiling regime 
between channels in lateral direction.  
 
Fig. 5.10a: Variation of local wall temperature along the most downstream 
spanwise direction at mass flux, G = 420kg/m²s for microgap heat sink. 
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Fig. 5.10b: Variation of local wall temperature along the most downstream 
spanwise direction at mass flux, G = 420kg/m²s for microchannel heat sink. 
 
 
(a)                                                                 (b) 
 
Fig. 5.11: Temperature contour at mass flux, G = 420kg/m²s; heat flux, q"eff 
=40W/cm² for (a) microgap heat sink, (b) microchannel heat sink. 
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(a)                                                                 (b) 
 
Fig. 5.12: Temperature contour at mass flux, G = 420kg/m²s; heat flux, q"eff 
=45W/cm² for (a) microgap heat sink, (b) microchannel heat sink. 
 
 
Temperature contour at mass flux, G = 420kg/m²s for microgap and 
microchannel heat sink at two different heat fluxes, q"eff =40W/cm² and 
45W/cm² are presented in Fig.5.11 and Fig. 5.12 respectively. Microgap is 
showing a uniform wall temperature at both heat flux conditions whereas 
microchannel is showing a generated hotspot at the downstream location of 
the heat sink at high heat flux, 45W/cm². 
 
5.5 Conclusions 
An experimental investigation with high speed flow visualizations were 
performed to compare the two-phase flow boiling heat transfer and pressure 
drop characteristics of deionized water between silicon microgap heat sink and 
microchannel heat sink. The effects of mass flux and heat flux on heat transfer 
coefficient and pressure drop characteristics are examined by varying mass 
flux ranging from 400 kg/m²s to 1000 kg/m²s and effective heat flux 0 to 85 
W/cm². The extensive boiling experiment and analysis has led to some 
important findings: 
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• Microchannel heat sink gives better heat transfer performance at low 
heat flux due to early establishment of slug/annular flow. In contrast, 
microgap heat sink performs better at high heat flux due to confined 
slug and annular boiling dominance and consequent delay of dryout 
phase. Moreover, microgap heat sink performs better at low mass flux. 
So, this microgap technology is promising and effective method to 
dissipate very high heat fluxes in compact space with a smaller rate of 
coolant flow in addition with ease fabrication process. 
• Pressure drop increases gradually with heat flux for both microchannel 
and microgap heat sink. However, pressure drop is higher in 
microchannel than microgap heat sink at all the heat fluxes. 
• Microgap heat sink maintains uniform wall temperature and minimizes 
temperature gradient throughout the microgap wall at all heat and mass 
flux condition compare to the microchannel heat sink.  
 
Related publications 
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comparative study of flow boiling heat transfer and pressure drop 
characteristics in microgap and microchannel heat sink and an evaluation 
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Heat and Mass Transfer 58 (2013) 335–347. 
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Chapter 6: Optimization of microgap channel dimension and 
operating condition 
 
The current chapter presents the heat transfer and pressure data of ten different 
dimension microgap heat sinks collected during the experimental program. 
Experimental results are presented and discussed to optimize the microgap 
heat sink dimension and flow condition based on two phase flow boiling heat 
transfer and pressure drop characteristics in microgap channel. Vapour 
confinement criteria was adopted from Harirchian and Garimella [8] and 
experimental data was plotted based on this criteria to predict the vapor 
confinement inside the microgap channel under different operating conditions 
and microgap dimension. The heat transfer mechanisms are explained based 
on the vapour confined criteria and high speed visualizations are shown to 
validate the explanation.  
 
6.1 Introduction 
The rapid increase of heat flux in high performance electronic devices has 
necessitated the development of high capacity thermal management techniques 
that can support extremely high heat transfer rates. Flow boiling in microgap 
is very promising for this purpose due to its high heat transfer rate and ease of 
fabrication. However, the effects of microgap dimension, heat flux and mass 
flux on heat transfer and pressure drop characteristics along with flow 
visualization have not been investigated extensively.  
 
This chapter focuses on flow boiling experiments of deionized water in silicon 
microgap heat sink for ten different microgap dimensions (Depth) from a 
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range of 80μm-1000μm to determine the most effective and efficient range of 
microgap dimensions, mass flux based on heat transfer and pressure drop 
performance. High speed flow visualization is conducted simultaneously along 
with experiments to illustrate the bubble characteristics in the boiling flow in 
microgap. 
 
The results of this study show that confinement in flow boiling occurs for 
microgap sizes 500μm and below and confined slug/annular flow is the main 
dominant regime whereas physical confinement does not occur for microgap 
sizes 700μm and above and bubbly flow is the dominant flow regime.  The 
microgap is ineffective below 100μm as partial dryout strikes very early and 
the wall temperature is much higher for a fixed heat flux as microgap size 
increases above 500μm. In addition, results show that pressure drop decreases 
with the increases of gap size whereas wall temperature increases with the 
increases of gap size. A strong dependence of heat transfer coefficient on 
microgap sizes is observed for microgap sizes 500μm and below. However, 
the heat transfer coefficient is independent of microgap size for microgap sizes 
700μm and above.  
 
6.2 Microgap geometry 
Key details of the experiments are described in this section. More details of 
test loop, test section, test procedure, calibration procedure, and heat loss 
calculation are described in chapter 3.  
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Experiments are conducted using deionized water mass fluxes range from 390- 
900kg/m²s for ten different microgap dimensions from a range of 80μm-
1000μm at imposed effective heat flux, q"eff  ranging from 0 to 70W/cm² to 
determine the most effective and efficient range of microgap dimensions based 
on heat transfer and pressure drop performance. An array of integrated micro-
temperature sensors is used in this study to obtain the local wall temperatures. 
Simultaneous high speed flow visualizations are video-recorded from the top 
of the microgap heat sink at the frame rate 5000fps. Microgap dimensions and 
test conditions are summarized in Table 6.1.  
 
Table 6.1  
Microgap dimensions and experimental conditions used for optimizing 
microgap channel dimension and operating condition study. 
Case Length, 
L (cm) 
Width, 
W (cm) 
Depth, D (µm) 
(actual values) 
Mass Flux, 
G (kg/m²s) 
Inlet Fluid 
Temp, Tf,i (˚C) 
𝒒𝒆𝒇𝒇
′′   
(W/cm²) 
1 1.27 1.27 80 (79.1) 390,655, 903  90.4 0-28 
2 1.27 1.27 100 (96.7) 390 90.4 0-28 
3 1.27 1.27 150 (152.3) 384,652,905 90.9 0-28 
4 1.27 1.27 200 (196.2) 390,651,902 90.8 0-47 
5 1.27 1.27 300 (298.9) 385,657,902 90.9 0-59 
6 1.27 1.27 360 (358.6) 387,650, 905 90.6 0-59 
7 1.27 1.27 500 (501.9) 382,654,901 90.4 0-59 
8 1.27 1.27 700 (715.2) 384,651 90.5 0-65 
9 1.27 1.27 850 (866.5) 386 91.1 0-71 
10 1.27 1.27 1000 (1001.9) 384 91.2 0-71 
 
6.3 Data reduction 
The effective heat supplied, 𝑞𝑒𝑓𝑓 to the fluid in each test piece and the 
effective heat flux 𝑞𝑒𝑓𝑓"  is calculated as given in equations 4.1and 4.2. 
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According to Bertsch et al. [62], due to the short length of the test piece as 
well as largely saturated fluid conditions over the heated surface, the test piece 
wall along the flow direction can be assumed isothermal. Subcooled water (Tf,i 
< Tsat) is supplied into the heat sink for all test conditions.  As explained in 
Lee et al. [63], since the inlet fluid temperature is close to its saturated value 
the subcooled boiling region extends only over a short distance. The 
temperature of the fluid can be assumed to vary linearly with distance in 
subcooled region. Heat conduction effect along the flow direction can be 
neglected in the saturated region and uniform heat flux condition can be 
considered.  
 
The local heat transfer coefficient in microgap is calculated as given in 
equations 4.5. 𝑇𝑓 is the fluid temperature as defined in equations 4.6 and 4.7. 
𝑇𝑤 , is the local wall temperature. This temperature is corrected assuming one 
dimensional heat conduction through the substrate as defined in equations 4.8. 
All the heat transfer results presented in this work are based on the location 
last downstream along the center row (as shown in Fig. 3.6) position in the 
microgap heat sink as it is most likely to experience the highest degree of 
saturated boiling. However, the temperature variations of test sections in the 
lateral direction are determined and showed a maximum lateral variation in the 
wall temperature over all the test pieces of only ≈ 0.4 ºC at uniform flow 
condition and before dryout takes places. Wall temperatures variation with 
effective heat flux at three spanwise locations with the diode sensors 10, 15 
and 20 are shown in Fig. 6.1. 
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Fig. 6.1: Variation of local wall temperature at three spanwise locations. 
 
Some non-dimensional parameter like Bond number, 𝐵𝑜 (ratio of buoyancy 
force to surface tension force), Boiling number, Bl (non-dimensional heat flux) 
and Reynolds number, Re used are defined as given in equations 4.9, 4.10 and 
4.11.  
 
Pressure taps are located at the upstream and downstream of the microgap in 
the inlet and outlet plenums. These taps are positioned at 2.5mm from the test 
die. Pressure losses calculated based on the methods described in Blevins [64], 
Chislom [65] and Collier and Thome [66].  
 
As mentioned earlier, subcooled water (Tf,i < Tsat) is supplied into the heat sink 
for all test conditions. The pressure drop associated with the liquid flow at the 
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sudden contraction is calculated as given in equations 4.12, 4.13. The pressure 
recovery at the sudden enlargement at the exit is calculated as given in 
equations 4.14. 
 
Pressure losses by the sudden contraction and the sudden enlargement were 
very small compared with the frictional pressure drop in the microgap. Though 
these values are only 1-6% of total pressure changes, the pressure drop and the 
pressure recovery at the sudden contraction and the sudden enlargement were 
considered for calculation of the total pressure drop. Therefore, the pressure 
drops (𝛥𝑃𝑔𝑎𝑝) reported are given in equations 4.15. 
 
6.4 Results and discussion 
The present flow boiling experiments are performed for deionized water mass 
fluxes, G=390kg/m²s, 650kg/m²s, and 900kg/m²s, imposed effective heat flux, 
q"eff  ranging from 0 to 70W/cm² for ten different microgap dimensions from a 
range of 80μm-1000μm to determine the most effective and efficient range of 
microgap dimensions and mass fluxes in accordance with heat transfer and 
pressure drop performance. High speed flow visualizations from the top of the 
microgap heat sinks are conducted simultaneously along with experiments to 
illustrate the bubble characteristics in the boiling flow in microgaps. 
 
6.4.1 Vapor confinement criteria  
Vapor confinement criteria in microgap channel for mass fluxes, 
G=390kg/m²s, 650kg/m²s, and 900kg/m²s and for ten different microgap 
dimensions from a range of 80μm-1000μm are illustrated in Fig. 6.2a. The 
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confinement criterion based on dimension, fluid properties and mass flux as 
described by Harirchian and Garimella [8] is used in this work. This flow 
boiling transition criterion recommends that for 𝐵𝑜0.5 · 𝑅𝑒 < 160, vapor 
bubbles are confined in microgaps. It is clearly noted from the figure that in 
microgap sizes 360μm and below, confinement effects are shown to occur 
whereas microgaps with sizes 700μm and above are shown to have unconfined 
behavior within the range of mass fluxes tested. However, the flow in a 500μm 
microgap is shown to transform from confined to unconfined flow as mass 
flux increases from 390kg/m²s to higher.  These behavior patterns are also 
supported by the visual data presented in Fig. 6.2b.  
 
Fig. 6.2a: Vapor confinement criterion in microgap channel. 
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Fig. 6.2b: Visualization of boiling processes. 
 
6.4.2 Flow visualization  
Fig. 6.3 illustrates the flow visualization of boiling processes for different 
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At gap size 700μm and above, bubbles are observed to nucleate on the 
microgap heated surface. These bubbles are rarely observed to coalesce with 
each other and also do not show any confinement inside the microgap wall. 
Nucleating bubbles grow up to a certain size, detach from heated surface and 
move downstream. At microgap size 500µm, bubbles nucleate over the heated 
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and moves downstream. Confined slug and churn flow shows dominance at 
300µm and 360µm gap. Multiple nucleating bubbles are grown violently and 
confined in the gap, they expand and merge with each other to form vapor 
slug/chunk. This vapor slug/chunk expands further, distributes over the gap 
flowing with bulk fluid and moves downstream. Confined annular flow, which 
is characterized by thin liquid film on the microgap wall, and a vapor core in 
the rest of gap cross section, is observed at microgap size 200µm and below. 
In these gaps, a single bubble is sufficient to create a confinement effect and 
confined annular flow. A bubble appears on the heated surface, grows and 
expands explosively and covers up the entire area of microgap. Consequently, 
the microgap heated wall is constantly covered with confined bubbles and thin 
film evaporation happens throughout the liquid vapor interface. Thereafter, the 
confined bubble finally moves downstream from the heated wall under the 
effect of liquid flow and new bubbles start to repeat the process. 
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Fig. 6.3: Flow visualization of boiling process for different sizes of microgap 
at G=390kg/m²s, q"eff =28W/cm². 
 
Visualization of boiling processes at various imposed heat flux and mass 
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fluxes for microgap 300μm. At 300μm gap, the nucleating bubbles grow and 
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annular flow pattern. However, the images at larger microgap, 500μm in Fig. 
6.4b indicate that flow boiling pattern changes with both the heat flux and 
mass flux. Bubbles nucleate over the heated surface, grow and confine inside 
the 500μm gap at only 390kg/m²s. This confined bubble then expands and 
forms slug and annular pattern with the increase of heat flux. At higher mass 
fluxes, nucleating bubbles do not show any confinement inside the 500μm 
microgap wall and forms slug/ annular pattern by coalescing of bubbles with 
each other at high heat flux.  
 
Fig. 6.4a: Visualization of boiling process at various imposed heat and mass 
fluxes for 300μm gap. 
 
Gap=300μm      
q"eff =28W/cm² 
Gap=300μm      
q"eff =40W/cm² 
Gap=300μm      
q"eff =59W/cm² 
G
=3
90
kg
/m
² 
 
G
=6
50
kg
/m
² 
 
G
=9
00
kg
/m
² 
 
Flow 
Vapor 
chunk 
 
Vapor 
chunk 
 
Vapor core with 
thin liquid film 
 
93 
 
 
Fig. 6.4b: Visualization of boiling process at various imposed heat and mass 
fluxes for 500μm gap. 
 
6.4.3 Flow boiling curves 
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dimensions from a range of 80μm-1000μm to identify the best suitable 
dimension range for microgap. The wall temperatures presented here are those 
measured near the exit at diode position 15. It is noted from figure that for 
single phase region, the slopes of the boiling curves are fairly constant and 
heat transfer performance slightly increases as gap size increases. Temperature 
overshoot is observed at the onset of nucleate boiling (ONB) and ONB shifts 
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the figure that lower wall temperature is needed to commence boiling over the 
heated surface for smaller gap. After the ONB, the wall temperature increases 
with increasing heat flux for all microgaps presented here and the boiling 
curve shifts significantly to the left as microgap sizes are reduced. This 
phenomenon indicates that the heat transfer performance is substantially better 
for smaller gaps in two phase region as smaller gaps maintain lower wall 
temperature. Flow visualization in Fig. 6.3 revealed that this improvement of 
performance mainly due to early establishment of confined slug and annular 
flow in smaller microgaps. After a certain heat flux for each microgap size 
exhibit a further change in the slope of the curve and wall temperature 
increases very quickly with a small increase of heat flux. This is mainly 
resulted from partial wall dryout as observed by flow visualization. This 
partial dryout phase occurs earlier for smaller gaps for a fixed mass flux. From 
the above investigation and as shown in Fig. 6.3, it can be concluded that 
below 100μm sized microgap is ineffective as partial dryout strikes very early 
and above 500μm sized microgap, no vapor confinement is observed. The 
microgap size effect on boiling curve presented here is also observed for other 
higher mass fluxes. 
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Fig. 6.5: Microgap size effect on boiling curves. 
 
Fig. 6.6a and 6.6b show the effect of mass fluxes on boiling curve at 
microgap, 300μm and 500μm. As can be seen from the figures, more 
dissipation of heat flux is achieved with the increase of mass flux at a fixed 
wall temperature in the single phase region and ONB occurs earlier at lower 
mass flux. After the ONB, more heat is dissipated as mass flux decreases at a 
fixed wall temperature and smaller mass flux maintain lower wall temperature. 
This may be because of higher vapor quality and earlier transition to annular 
flow for lower mass flux at a fixed heat flux as observed by flow visualization. 
Moreover, in two phase region, the wall temperature increases gradually with 
the increases of heat flux for all mass flux at both the gap sizes except 
900kg/m²s at 500μm. As the boiling start in this microgap, the wall 
temperature has a weak dependence on the heat flux and is relatively invariant. 
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Nucleate boiling dominance may be the reason for this weak dependence as 
observed by flow visualization.  
 
 
Fig. 6.6a: Effect of mass flux on boiling curve at microgap 300μm. 
 
 
Fig. 6.6b: Effect of mass flux on boiling curve at microgap 500μm. 
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6.4.4 Pressure drop curves 
 
Fig. 6.7: Microgap size effect on pressure drop curves. 
 
Microgap size effect on pressure drop across the microgap heat sink for a 
fixed mass flux, G=390kg/m²s as a function of heat flux is shown in Fig. 6.7. 
Pressure drop is measured between the two manifolds upstream and 
downstream and loss associated with sudden contraction and expansion is 
corrected. It is observed from the figure that, pressure drop decreases slightly 
with the increases of heat flux in the single phase region due to the reduction 
of water viscosity with increase in temperature. In the two-phase region, 
pressure drop increases with heat flux due to the dominance of acceleration 
effect of vapor content. It is also seen from figure in both single and two phase 
regions that pressure drop increases with decreasing microgap size at a fixed 
heat flux. The slope of the pressure drop curve also increases in two phase 
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region as microgap size decreases. This is due to early transition to confined 
slug and annular flow and rapid increase of vapor quality in smaller gap as 
observed by flow visualization. It is noted from the figure that below 200μm 
gap, pressure drop across microgap is very high and as the gap size increases 
further above 200μm; pressure drop falls and remains low for all gap sizes up 
to 1000μm. 
 
Fig. 6.8: Effect of mass flux on pressure drop curves at microgap, 300μm. 
 
Fig.6.8 illustrates the variation of pressure drop with heat flux for a range of 
mass fluxes for microgap, 300μm. It is observed from the figure that for a 
fixed heat flux, pressure drop increases with increases of mass flux in two-
phase region. Since the test section has an upstream subcooled region because 
of subcooled inlet fluid, subcooled region increase with increase of mass flux 
for same heat flux which may attributed to higher frictional pressure drop at 
higher mass flux. 
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6.4.5 Local heat transfer coefficient curves 
The effect of microgap size on local heat transfer coefficient for a fixed mass 
flux, G=390kg/m²s as a function of heat flux is illustrated in Fig. 6.9a. The 
local heat transfer coefficient computed here is based on wall temperatures 
measured near the exit at diode position 15. It is seen from the figure that local 
heat transfer coefficient increases with increasing heat flux in both single and 
two phase regions as expected. In single phase region, local heat transfer 
coefficient is independent of microgap size. In contrast, local heat transfer 
coefficient is highly sensitive to microgap size in two phase region and smaller 
microgap gives higher heat transfer coefficient at a given heat flux. This much 
higher local heat transfer coefficient in smaller microgap results from the fact 
that the establishment of confined slug and annular flow on the heated surface 
occur earlier in smaller gap as observed by flow visualization. Hence thin film 
evaporation throughout the liquid vapor interface on the heated surface 
becomes dominant heat transfer mechanism in smaller gap leading to higher 
heat transfer coefficient. Utaka et al. [32] measured the initial microlayer 
thicknesses 23, 18 and 9μm for gap sizes of 0.5, 0.3 and 0.15 mm, respectively 
in the constant thickness region. Thus, the micro-layer thickness is strongly 
affected by the gap size, and decreases with decreasing gap size [32]. Heat 
transfer coefficient through microlayer evaporation is modeled as follows, 
ℎ = 𝑘
𝛿
 
where ℎ is the heat transfer coefficient, k is thermal conductivity of the liquid 
and 𝛿 is the liquid film thickness. Therefore, in the micro-layer dominant 
region, the vaporization rate is increased, and higher boiling heat transfer is 
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possible due to the thinner micro-layer [[32], [70], and [71]]. For microgaps of 
size 700μm and above, the local heat transfer coefficient is independent of gap 
dimension. Flow visualization revealed that these gaps do not face 
confinement effect and nucleate boiling is the dominant heat transfer 
mechanism for these gaps. A decrease in local heat transfer coefficient is 
detected after a certain heat flux for each microgap. This is mainly due to 
partial wall dryout on the heated surface. Liquid film thickness is also affected 
by heat flux, and decreases with increasing heat flux [[32], [70]]. Due to an 
increase in heat flux, the thinner liquid film disappears for a short time and a 
dryout region appears which results in the decrease of heat transfer coefficient. 
It is noted from figure that partial dryout appear earlier for microgap size 
100μm and below and hence ineffective. 
 
Fig. 6.9a: Microgap size effect on local heat transfer coefficient curves. 
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Fig. 6.9b: Heat transfer coefficient curve with flow patterns for microgap, 
300μm and 1000μm. 
 
Fig. 6.9b illustrates two heat transfer coefficient curves for microgap, 300μm 
and 1000μm at mass flux, G=390kg/m²s. Flow visualization images taken 
from the top of the microgap heat sinks are illustrated with each boiling curve. 
While 1000μm gap presents the typical flow patterns (bubbly, slug\transition 
and annular flows), the bubbly flow patterns for 300μm are less evident since 
at even very low heat fluxes the flow is seen to have slug\transition flow 
characteristics. 
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Fig. 6.10a: Effect of mass flux on local heat transfer coefficients at microgap 
300μm. 
 
 
Fig. 6.10b: Effect of mass flux on local heat transfer coefficients at microgap 
500μm. 
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Fig. 6.10a and 6.10b show the effect of mass fluxes on local heat transfer 
coefficients at microgap, 300μm and 500μm. In single phase region, local heat 
transfer coefficient increases with the increase of mass flux. In contrast, local 
heat transfer coefficient decreases with the increase of mass flux in two phase 
region. This result can be explained as- the vapor quality at the outlet is higher 
for a lower mass flux at a given heat flux. Because of these decreases of vapor 
quality, the local heat transfer coefficient decreases significantly at higher 
mass flux.  
 
6.4.6 Uniformity of wall temperature 
Microgap size effect on spanwise wall temperature uniformity over the heated 
surface at G=390kg/m²s and q"eff =28W/cm² is shown in Fig. 6.11. The 
spanwise wall temperatures presented here are those measured near the exit at 
diode position 5, 10, 15, 20 and 25. It is noted from the figure that microgaps 
range from 100µm - 360µm maintain very uniform and low wall temperature 
whereas 500µm maintains uniform but slightly higher wall temperature. This 
is attributed due to stable annular flow and thin film evaporative boiling over 
the heated surface in smaller gap. In the thin film evaporative boiling 
dominant region, higher boiling heat transfer is possible due to the thinner 
micro-layer [[32], [70], and [71]]. As microlayer thickness decreases with 
decreasing gap size, the vaporization rate is increased and smaller microgaps 
maintain very uniform and low wall temperature. Microgaps range from 
700µm and above show a non-uniform wall temperature due to nucleate 
boiling dominant regime in these gaps. The smallest gap, 80µm shows a 
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sudden peak of wall temperature due to partial dryout by continuous thinning 
of thin liquid film.  
 
 
Fig. 6.11: Microgap size effect on wall temperature (spanwise) uniformity 
curves. 
 
Microgap size effect on streamwise wall temperature uniformity over the 
heated surface at G=390kg/m²s and q"eff =28W/cm² is shown in Fig. 6.12. The 
streamwise wall temperatures presented here are those measured at the middle 
row of diode position 11, 12, 13, 14 and 15. It is noted from figure that 
uniform and low wall temperature along streamwise  location is maintained 
for microgaps range from 100µm - 360µm due to early establishment of 
confined slug/annular flow whereas 80µm shows a increasing trend of wall 
temperature due to continuous thinning of thin film and early partial dryout. 
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Microgaps range from 500µm and above show a non-uniform wall 
temperature due to non-uniform distribution of boiling process over the 
heating surface. Temperature contour at mass flux, G = 390kg/m²s and heat 
flux, q"eff =28W/cm² for two different microgap depth heat sink 80μm, and 
200μm are presented in Fig.6.13. Microgap of 200μm depth is showing a 
uniform wall temperature condition whereas 80μm is showing a generated 
hotspot at the downstream location of the heat sink. 
 
 
Fig. 6.12: Microgap size effect on wall temperature (streamwise) uniformity 
curves.  
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(a) 
 
           (b) 
 
Fig. 6.13: Temperature contour at mass flux, G = 390kg/m²s; heat flux, 
q"eff =28W/cm² for microgap, (a) 80μm, (b) 200μm. 
 
6.5 Conclusions 
Flow boiling experiments of deionized water in silicon microgap test section 
were performed. Ten different microgap dimensions from a range of 80μm-
1000μm were used to determine the most effective and efficient range of 
microgap dimensions and operating conditions based on heat transfer and 
pressure drop performance. Simultaneous high speed flow visualizations were 
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conducted along with experiments to illustrate the bubble characteristics in the 
boiling flow in microgaps. 
Key findings from these extensive microgap boiling experiments and flow 
visualizations are summarized as follows: 
• Confinement in flow boiling occurs for microgap sizes 500μm and 
below whereas physical confinement does not occur for microgaps 
700μm and above. For microgaps 700μm and above, bubbly flow is the 
dominant flow regime at low heat fluxes and slug/annular flow regime 
forms as a result of bubbles coalescence as the heat flux is increased. 
For microgaps 500μm and below, confined slug is the dominant flow 
regime at low heat fluxes and confined annular flow regime forms as 
the heat flux is increased which agrees with the results obtained by 
Kim et al. [[4], [29]] and Bar-Cohen et al. [11]. 
• Smaller microgaps of dimension range 100-500μm are very effective 
as they maintain very uniform and low wall temperature all over the 
heated surface before dryout takes places. However, below 100μm 
sized microgaps are ineffective as partial dryout strikes very early.  
• Pressure drop for microgap 200μm and above is much smaller and 
increases slightly with the increase of heat flux. 
• Heat transfer coefficient increases with the decreases of gap dimension 
and higher heat transfer coefficient is achieved within the range of 
microgaps 100-500μm before dryout takes place. Heat transfer 
coefficient becomes independent of microgap dimension above 
700μm. 
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• Smaller mass fluxes maintain lower wall temperature and local heat 
transfer coefficient decreases with the increase of mass flux in two 
phase region. Moreover, pressure drop increases with increases of 
mass flux in two-phase region. 
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Chapter 7: Surface roughness effect on microgap channel 
This chapter presents the heat transfer and pressure data of three different 
dimension microgap heat sinks with varying surface roughness collected 
during the experimental program. Experimental results are presented and 
discussed to investigate the influences of surface roughness on flow boiling 
heat transfer and pressure drop in microgap heat sink.  High speed 
visualizations are shown to validate the explanation. 
 
7.1 Introduction 
Understanding the influence of surface characteristics on flow boiling heat 
transfer behavior in microgap is necessary to enhance the performance of 
microgap heat sink. The influences of surface roughness on flow boiling heat 
transfer, pressure drop and instability in microgap heat sink are experimentally 
investigated. 
 
Flow boiling experiments are conducted over silicon microgap heat sink of 
three different microgap dimensions namely 500 μm, 300 μm and 200 μm. 
The original silicon surface of surface roughness, Ra=0.6 μm is modified to 
Ra=1.0 μm and 1.6 μm to examine the effect of surface finish. These studies 
are carried out with the inlet deionized water temperatures 91 °C at two 
different mass fluxes, G=390 kg/m²s and 650 kg/m²s and imposed effective 
heat flux, q"eff  ranging from 0 to 85 W/cm². High speed flow visualizations are 
conducted simultaneously along with experiments to explore the bubble 
behaviour in microgap heat sink.  
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The results of this study show that bubble nucleation site density as well as 
heat transfer coefficient increases with the increase of surface roughness and 
pressure drop is independent of surface roughness in microgap heat sink. 
Moreover, rougher surface maintains lower and uniform wall temperature over 
the heated surface. 
 
7.2 Microgap geometry 
Key details of the experiments are described in this section. More details of 
test loop, test section, test procedure, calibration procedure, and heat loss 
calculation are described in chapter 3.  
 
Flow boiling experiments of deionized water are conducted over silicon 
microgap heat sinks of three different microgap dimensions namely 500 μm, 
300 μm and 200 μm. Three different surface roughness, Ra=0.6 µm, 1.0 µm 
and 1.6 µm are used to investigate the surface roughness effect on flow boiling 
heat transfer, pressure drop and instability characteristics in silicon microgap 
heat sink. Experimental conditions include: mass fluxes, G=390 kg/m²s and 
650 kg/m²s; imposed effective heat flux, q"eff ranging from 0 to 85 W/cm². 
High speed flow visualizations from the top of the microgap heat sinks at 
frame rate 5000 fps are conducted simultaneously along with experiments for 
each test. Microgap dimensions and experimental conditions are reported in 
Table 7.1. 
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Table 7.1  
Microgap dimensions and experimental conditions used for surface roughness 
effect on flow boiling heat transfer and pressure drop study. 
Length, 
L (cm) 
Width, 
W (cm) 
Depth, D (µm) 
(actual values) 
Ra (μm) 
(actual values) 
Rt (μm) Mass Flux, 
G (kg/m²s) 
Tf,i 
(˚C) 
𝒒𝒆𝒇𝒇
′′   
(W/cm²) 
  200 (196.2) 0.6 (0.5723) 4.8953 390,651 90.8 0-47, 0-50 
1.27 1.27 200 (201.1) 1.0 (1.0058) 9.0463 391,655 90.1 0-50, 0-50 
  200 (204.8) 1.6 (1.6554) 16.491 390,652 90.1 0-45, 0-50 
  300 (298.9) 0.6 (0.5723) 4.8953 385,657 90.9 0-59, 0-71 
1.27 1.27 300 (302.8) 1.0 (1.0058) 9.0463 384,655 90.6 0-65, 0-71 
  300 (305.1) 1.6 (1.6554) 16.491 381,660 90.4 0-72, 0-71 
  500 (501.9) 0.6 (0.5723) 4.8953 382,654 90.4 0-59, 0-71 
 1.27 1.27 500 (490.3) 1.0 (1.0058) 9.0463 395, 661 90.1 0-59, 0-83 
  500 (504.9) 1.6 (1.6554) 16.491 396, 660 90.5 0-59, 0-83 
 
7.3 Microgap test surface 
The original silicon surface of surface roughness, Ra=0.6 μm is modified to 
Ra=1.0 μm and 1.6 μm to examine the effect of surface finish. The magnified 
images in Fig. 7.1 show the differences of surface finish of the three different 
rough chip surfaces. The original bare silicon surface is roughened with 180 
and 100 grit sandpaper to obtain surface roughness, Ra=1.0 μm and 1.6 μm 
respectively. The values of surface roughness of the test chips, Ra and Rt are 
first measured by a Talystep Stylus Profilometer (Taylor-Hobson Form 
Talysurf-120i) are shown in Fig. 7.2. The T-H Surface Profilometer is 
connected to a computer monitor for analysis and capturing the 
rough/modified surface profile of the finished surface. The parameters used 
during the measurement are as follows: Filter: Gaussian; Cut off (Lc): 0.08; 
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Cut off (Ls): 0.0025; Stylus speed: 0.8 mm/sec; and Band width: 30:1; Data 
length: 10 mm. 
 
 
 
Fig. 7.1: Magnified images of chip surfaces, (a) bare silicon, Ra=0.5723 μm, 
(b) scratched silicon, Ra=1.0058 μm, (c) scratched silicon, Ra=1.6554 μm. 
 
 
A ZYGO: New View 5032 -Optical Profiler with rapid Scanning White Light 
Interferometer is used to measure surface roughness in a quantitative 3D 
image shown in Fig. 7.3. In the New View 5032, a precision vertical scanning 
transducer and camera together generate a three-dimensional interferogram of 
the surface, processed by the computer and transformed by frequency domain 
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analysis resulting in a quantitative 3-D image. The accuracy and repeatability 
of this device are <.75% and <.1% respectively. Measurements of surface 
roughness using both the devices are within ±6%.  
 
 
Fig. 7.2: Profiles of chip surfaces. 
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Fig. 7.3: 3D images of chip surfaces. 
 
7.4 Data reduction 
The effective heat supplied, 𝑞𝑒𝑓𝑓 to the fluid in each test piece and the 
effective heat flux 𝑞𝑒𝑓𝑓"  is calculated as given in equations 4.1and 4.2. 
 
According to Bertsch et al. [62], due to the short length of the test piece as 
well as largely saturated fluid conditions over the heated surface, the test piece 
wall along the flow direction can be assumed isothermal. Subcooled water (Tf,i 
c 
 
b 
 
a 
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< Tsat) is supplied into the heat sink for all test conditions.  As explained in 
Lee et al. [63], since the inlet fluid temperature is close to its saturated value 
the subcooled boiling region extends only over a short distance. The 
temperature of the fluid can be assumed to vary linearly with distance in 
subcooled region. Heat conduction effect along the flow direction can be 
neglected in the saturated region and uniform heat flux condition can be 
considered.  
 
The local heat transfer coefficient in microgap is calculated as given in 
equations 4.5. 𝑇𝑓 is the fluid temperature as defined in equations 4.6 and 4.7. 
𝑇𝑤 , is the local wall temperature. This temperature is corrected assuming one 
dimensional heat conduction through the substrate as defined in equations 4.8. 
 
All the heat transfer results presented in this work are based on the location 
last downstream along the center row (as shown in Fig. 3.6) position in the 
microgap heat sink as it is most likely to experience the highest degree of 
saturated boiling. However, the temperature variations of test sections in the 
lateral direction are determined and showed a maximum lateral variation in the 
wall temperature over all the test pieces of only ≈ 0.4 ºC  at uniform flow 
condition and before dryout takes places. Wall temperatures variation with 
effective heat flux at three spanwise locations with the diode sensors 10, 15 
and 20 are shown in Fig. 6.1. 
 
Pressure taps are located at the upstream and downstream of the microgap in 
the inlet and outlet plenums. These taps are positioned at 2.5mm from the test 
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die. Pressure losses calculated based on the methods described in Blevins [64], 
Chislom [65] and Collier and Thome [66]. As mentioned earlier, subcooled 
water (Tf,i < Tsat) is supplied into the heat sink for all test conditions. The 
pressure drop associated with the liquid flow at the sudden contraction is 
calculated as given in equations 4.12, 4.13. The pressure recovery at the 
sudden enlargement at the exit is calculated as given in equations 4.14. 
 
Pressure losses by the sudden contraction and the sudden enlargement were 
very small compared with the frictional pressure drop in the microgap. Though 
these values are only 1-6% of total pressure changes, the pressure drop and the 
pressure recovery at the sudden contraction and the sudden enlargement were 
considered for calculation of the total pressure drop. Therefore, the pressure 
drops (𝛥𝑃𝑔𝑎𝑝) reported are given in equations 4.15. 
 
7.5 Results and discussion 
In this section, the experimental flow boiling heat transfer and pressure drop 
results obtained using microgap heat sinks of three different surface 
roughnesses will be presented and discussed. Fluid temperature at the inlet of 
the test section is maintained at approximately 91 ˚C, providing 9 ˚C microgap 
inlet subcooling. Other experimental conditions include: mass fluxes, G=390 
kg/m²s and 650 kg/m²s, imposed effective heat flux, q"eff ranging from 0 to 
85W/cm².  Three different microgap dimensions namely 500 μm, 300 μm and 
200 μm are used to investigate the surface roughness effect on flow boiling in 
silicon microgap heat sink. Each test is conducted numerous times to ensure 
repeatability of the results. For all test sections, the measured wall temperature 
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is repeatable to within approximately 2 °C. Fig. 7.4 shows the repeatability of 
results for gap 300 μm with surface roughness 1.0 μm at mass flux 390 
kg/m²s. High speed flow visualizations from the top of the microgap heat sinks 
are conducted simultaneously along with experiments for each test.  
 
 
Fig. 7.4: Flow boiling heat transfer performance comparison of repeat 
experiments for 300 μm gap with Ra = 1.0 µm at mass flux, G = 390 kg/m²s. 
 
7.5.1 Flow visualization 
Flow visualizations of boiling processes taken from 500 μm gap at mass flux, 
G=390 kg/m²s and different imposed effective heat fluxes for three different 
microgap surface roughnesses, 0.6 µm, 1.0 µm and 1.6 µm are illustrated in 
Fig. 7.5. It is observed for microgap of surface roughness, Ra=0.6 μm from the 
Fig.7.5a that only a few discrete bubbles nucleate, then detach and finally slide 
along the heating surface at the imposed heat flux 21 W/cm². No coalescence 
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or confinement of bubbles is observed at this stage. With the increase of heat 
flux to 28 W/cm², the nucleating bubbles grow, confined in the gap, expand 
and coalesce to form vapor slug. More coalescence and confinement of 
bubbles are observed as the imposed heat flux is increased to 40 W/cm². The 
expanded bubble occupies the entire microgap and slug flow regime 
transforms to confined annular flow regime as the imposed effective heat flux 
is raised to 59 W/cm². It is observed from the photo taken from the microgap 
of surface roughness, Ra=1.0 μm from the Fig.7.5b that lots of discrete bubbles 
nucleate, then detach from the surface and eventually slide away along the 
heating surface  at the imposed heat flux 21 W/cm². It implies that the active 
bubble nucleation site density increases with the increase of surface 
roughness. Coalescence and confinement of bubbles are observed near the exit 
of the heat sink at this stage. More frequent coalescence of bubbles is found 
for microgap of surface roughness, Ra=1.0 μm primarily due to the higher 
nucleating bubble density as heat flux was increased to 28 W/cm². With the 
increase of heat flux to 40 W/cm² and 59 W/cm², an annular flow regime with 
continuous coalescence of active nucleating bubbles and vigorous boiling is 
observed over the Ra=1.0 μm microgap surface. Similar phenomena are 
observed with the further increase of the microgap of surface roughness, 
Ra=1.6 μm as can be seen from the Fig.7.5c.  
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Fig.7.5: Flow visualization of boiling process at various heat fluxes for 500 
μm gap, G=390 kg/m²s, (a) Ra=0.6 μm, (b) Ra=1.0 μm (c) Ra=1.6 μm. 
 
Flow visualizations of boiling processes taken from 500 μm gap at increased 
mass flux, G=650 kg/m²s and different imposed effective heat fluxes for three 
different microgap surface roughnesses, 0.6 µm, 1.0 µm and 1.6 µm are 
illustrated in Fig. 7.6. The results in Fig. 7.5 and 7.6 indicate that the bubbles 
are smaller in size and depart at higher frequency from the heating surface at 
higher mass flux. It is noticed that less activated nucleation sites on the heated 
surface are observed at higher mass flux. The observation is attributed to the 
higher fluid speed which shortens available time for the fluid to be heated and 
thus requires more energy to activate the nucleation sites. Coalescence of 
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bubbles followed by slug/annular flow regime is observed at higher imposed 
heat flux for this higher mass flux. In addition, effects of microgap surface 
roughness on bubble nucleation are also observed at higher mass flux and 
active bubble nucleation site density increases with the increase of surface 
roughness.  
 
Fig.7.6: Flow visualization of boiling process at various heat fluxes for 500 
μm gap, G=650 kg/m²s, (a) Ra=0.6 μm, (b) Ra=1.0 μm (c) Ra=1.6 μm. 
 
Flow visualizations of boiling processes taken from 300 μm gap at mass flux, 
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Fig. 7.7. It is noted by comparing the photos in Fig. 7.5 and 7.7 that at smaller 
microgap heat sinks, the effect of surface roughness is less marked. It is 
noticed that the confinement and coalescence of the bubbles may even start at 
a low imposed 13 W/cm² heat flux. Moreover, the flow visualization results 
support that the boiling behavior is mainly dominated by confined slug/ 
annular flow for this 300μm microgap heat sink. Fig. 7.8 also shows that 
similar boiling behaviors are noticed for 200μm gap size. 
 
Fig.7.7: Flow visualization of boiling process at various heat fluxes for 300 
μm gap, G=390 kg/m²s, (a) Ra=0.6 μm, (b) Ra=1.0 μm (c) Ra=1.6 μm. 
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Fig.7.8: Flow visualization of boiling process at various heat fluxes for 200 
μm gap, G=390 kg/m²s, (a) Ra=0.6 μm, (b) Ra=1.0 μm. 
 
7.5.2 Flow boiling curves 
Surface roughness effects on boiling curves for different microgap sizes at 
mass flux, G = 390 kg/m²s are presented in Fig. 7.9a, 7.9b and 7.9c. Results 
are obtained for three different surface roughnesses, 0.6 µm, 1.0 µm and 1.6 
µm microgap heat sinks. The local wall temperatures presented here are those 
measured near the exit at diode position 15. It is noted from the Fig.7.9a that 
the wall temperature exhibits a sudden change in slope from its single phase at 
the onset of nucleate boiling (ONB) for all three different roughness heat 
sinks. However, lower wall temperature is needed to commence boiling over 
the heated surface for rougher surface. It can also be seen from the figure that 
rougher surface microgap maintains lower chip wall temperature at a fixed 
heat flux for both single and two phase region for microgap of surface 
roughness 1 μm and above. Flow visualization in Fig. 7.5 revealed that this 
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improvement of performance in rougher surface mainly due to presence of 
more active nucleation sites and high bubble population density. The surface 
roughness does not appear to have a substantial effect on boiling curve for 
microgap of surface roughness above 1 μm. All microgaps showed a similar 
trend. Boiling commences at wall superheats ranging from 8 K to 14 K for 
microgap 500 μm; from 5 K to 11 K for microgap 300 μm and from 4 K to 9 
K for microgap 200 μm. At larger dimension microgap heat sinks, the effect of 
surface roughness on the boiling curve is more marked. For 500 μm microgap 
heat sink, surface roughness has approximately 25-40% higher effect than 300 
μm and 200 μm microgap heat sink.  
 
The influence of mass flux on boiling curve at microgap 500 μm can be 
compared between Fig.7.9a and Fig.7.10. Both mass fluxes showed a similar 
trend on surface roughness. However, lower wall temperature is needed to 
commence boiling over the heated surface for lower mass flux and boiling 
commences at wall superheats ranging from 8 K to 14 K for mass flux 390 
kg/m²s and from 12 K to 18 K for mass flux 650 kg/m²s. These higher wall 
temperatures required for incipience of boiling at increased mass flux are due 
to the presence of larger temperature gradient near the wall, producing a 
thinner superheated liquid layer which suppress bubble nucleation as can be 
seen from flow visualizations in Fig.7.5 and 7.6. 
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Fig.7.9a: Microgap surface roughness effect on boiling curves at mass flux, G 
= 390 kg/m²s for gap=500 μm.  
 
 
Fig.7.9b: Microgap surface roughness effect on boiling curves at mass flux, G 
= 390 kg/m²s for gap=300 μm.  
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Fig.7.9c: Microgap surface roughness effect on boiling curves at mass flux, G 
= 390 kg/m²s for gap=200 μm.  
 
 
Fig.7.10: Microgap surface roughness effect on boiling curves for 500 μm gap 
at mass flux, G = 650 kg/m²s. 
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7.5.3 Local flow boiling heat transfer coefficient curves    
Influence of surface roughness on local heat transfer coefficient curves for 
different microgap sizes at mass flux, G = 390 kg/m²s are illustrated in Fig. 
7.11a, 7.11b and 7.11c. Results are obtained for three different microgap heat 
sinks of surface roughnesses, 0.6 µm, 1.0 µm and 1.6 µm. The local heat 
transfer coefficients computed here are based on wall temperatures measured 
near the exit at diode position 15. It is noted from the Fig.7.11a that the 
surface roughness has effect on local heat transfer coefficient curve for both 
the single and two phase regions. Moreover, higher surface roughness 
contributes to higher the local heat transfer coefficients. This heat transfer 
coefficient enhancement at microgap of rougher surface may be due to 
increased wetted surface area in single phase region and increased bubble 
population density in two phase region. At high heat flux, influence of surface 
roughness becomes significant on local heat transfer coefficient as the number 
of bubble nucleation sites, vapor bubble frequency and coalescence and 
confinement of bubbles increase with the increase of heat flux. Similar trend is 
observed for all the three microgap sizes.  
 
The influence of mass flux on local heat transfer coefficient curve at microgap 
500 μm can be compared between Fig.7.11a and Fig.7.12. Both mass fluxes 
showed a similar trend on surface roughness. 
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Fig.7.11a: Microgap surface roughness effect on local heat transfer coefficient 
curves at mass flux, G = 390 kg/m²s for gap=500 μm. 
 
 
Fig.7.11b: Microgap surface roughness effect on local heat transfer coefficient 
curves at mass flux, G = 390 kg/m²s for gap=300 μm.  
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Fig.7.11c: Microgap surface roughness effect on local heat transfer coefficient 
curves at mass flux, G = 390 kg/m²s for gap=200 μm.  
 
 
Fig.7.12: Microgap surface roughness effect on local heat transfer coefficient 
curves for 500 μm gap at mass flux, G = 650 kg/m²s. 
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7.5.4 Pressure drop curves  
The pressure drop curves for three different surface roughnesses, 0.6 µm, 1.0 
µm and 1.6 µm at mass flux, G = 390 kg/m²s and microgap size 300 μm are 
illustrated in Fig. 7.13. Pressure drop is measured between the two upstream 
and downstream manifolds and sudden contraction and expansion losses are 
corrected. Pressure drop is found to be independent of heat flux until the 
boiling starts. Once the boiling initiates, the pressure drop gradually increases 
with the increase of heat flux due to the dominance of acceleration effect of 
vapor content.  No significant influence of surface roughness on pressure drop 
curve is observed for both the single and two phase regions below 
approximately 50 W/cm². For heat fluxes above 50 W/cm², there appears to be 
a significant effect of surface roughness on pressure drop curve. Similar trend 
is observed for higher mass flux and higher gap size as shown in Fig. 7.14.  
 
 
Fig. 7.13: Microgap surface roughness effect on pressure drop curves for 300 
μm gap at mass flux, G = 390 kg/m²s. 
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Fig. 7.14: Microgap surface roughness effect on pressure drop curves for 500 
μm gap at mass flux, G = 650 kg/m²s. 
 
7.5.5 Uniformity of wall temperature 
Fig. 7.15a and 7.15b present the trend of local wall temperature versus the 
spanwise location taken from 500 μm gap at mass flux, G=390 kg/m²s, 
different imposed heat fluxes for three different microgap surface roughnesses, 
Ra=0.6 µm, 1.0 µm and 1.6 µm. The spanwise local wall temperatures 
presented here are those measured near the inlet, middle and exit of the test 
section as marked in Fig. 7.15a. Rougher surface maintains lower wall 
temperature over the heated surface.  In addition, a large variation of wall 
temperature along both spanwise and streamwise location is observed for 
microgap of surface roughness, Ra=0.6 μm and these variations of wall 
temperature decrease with the increase of microgap surface roughness. A 
variation of spanwise wall temperature is observed ranging from 1.3 K to 2.5 
K for Ra=0.6 μm and from .5 K to 1 K for Ra=1.0 μm and 1.6 μm. In addition, 
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a variation of streamwise wall temperature is observed ranging from 3.5 K to 
4.8 K for Ra=0.6 μm and from 1.7 K to 2.9 K for Ra=1.0 μm and 1.6 μm. This 
large variation of wall temperature along both spanwise and streamwise 
location for Ra=0.6 μm is due to non-uniform distribution of boiling process 
over the heated surface [72]. Flow visualization from Fig. 7.5 revealed that the 
active bubble nucleation site density increases with the increase of surface 
roughness. Bubbles coalesce more frequently to form slug/annular regime in 
the microgap of higher surface roughness due to the higher nucleating bubble 
density which result uniform and low wall temperature.  
 
 
Fig. 7.15a: Microgap surface roughness effect on wall temperature uniformity 
curves for 500 μm gap, G=390 kg/m²s at heat fluxes, q "eff =28 W/cm².  
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Fig. 7.15b: Microgap surface roughness effect on wall temperature uniformity 
curves for 500 μm gap, G=390 kg/m²s at heat fluxes, q "eff =40 W/cm².  
 
 
 
Fig. 7.16a: Microgap surface roughness effect on wall temperature uniformity 
curves for 300 μm gap, q "eff =40 W/cm² at mass fluxes, G=390 kg/m²s. 
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Fig. 7.16b: Microgap surface roughness effect on wall temperature uniformity 
curves for 300 μm gap, q "eff =40 W/cm² at mass fluxes, G=650 kg/m²s. 
 
All heat fluxes, mass fluxes and microgaps showed a similar trend as can be 
seen from Figs. 7.15 and 7.16. However, a reduction of microgap sizes 
improve the wall temperature uniformity of the microgap due to early 
establishment of confined slug/annular flow [72] as can be compared from 
Fig. 7.15b and 7.16a. 
 
7.6 Conclusions 
Flow boiling experiments of deionized water were conducted over silicon 
microgap heat sinks of three different surface roughnesses, Ra=0.6 µm, 1.0 µm 
and 1.6 µm. Three different microgap dimensions namely 500μm, 300μm and 
200μm were used to investigate the surface roughness effects on flow boiling 
heat transfer and pressure drop characteristics in silicon microgap heat sink. 
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High speed flow visualizations from the top of the microgap heat sinks were 
conducted simultaneously along with experiments for each test. The following 
conclusions can be drawn from the extensive flow boiling experimental and 
visualization results: 
• Flow visualization reveals that surface roughness shows significant 
effect on boiling incipience and bubble nucleation site density 
increases with the increase of surface roughness from Ra=0.6 µm to 1.0 
µm for larger microgap heat sink. Microgaps of surface roughnesses, 
Ra=1.0 µm and 1.6 µm show similar boiling behavior. However, 
surface roughness effect is less marked as dimension of microgap heat 
sink is reduced. 
• Lower wall temperature is needed to commence boiling over the 
heated surface for rougher surface and a lower chip wall temperature is 
maintained at a fixed heat flux for both single and two phase regions 
for microgap of surface roughness 1 μm and above. 
• Higher the local heat transfer coefficients are achieved with higher the 
surface roughness.  This increase in heat transfer coefficient is mainly 
due to the increased wetted surface area in single phase region and 
increased bubble population density in two phase region. 
• No significant adverse effect of surface roughness on pressure drop 
curve is observed at current tested microgap heat sink. 
• More uniform wall temperature over the heat sink is achieved for 
Ra=1.0 μm and above, compare to Ra=0.6 μm is due to uniform 
distribution of boiling process over the heating surface. 
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The results of this experimental and visualization study demonstrate that 
surface roughness has a notable influence on heat transfer performance and is 
independent on pressure drop performance in microgap heat sink. It can be 
concluded based on these encouraging results that this important surface 
roughness parameter should consider when designing microgap heat sinks. 
 
Related publications 
Tamanna Alam, Poh Seng Lee, Christopher R. Yap, “Effects of surface 
roughness on flow boiling in silicon microgap heat sinks”, Under Review: 
International Journal of Heat and Mass Transfer (2012). 
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Chapter 8: Two-phase microgap channel in mitigating flow 
instabilities and flow reversal 
 
This chapter presents the comparison of instabilities in microgap heat sink 
with conventional straight microchannel heat sink at the beginning of the 
chapter. The comparison is done with same footprint, same inlet mass flux and 
same effective heat flux supplied based on the footprint. In the later section, 
this chapter presents the influencing parameters that affect the instabilities in 
microgap heat sink. High speed visualizations are shown to validate the 
experiment results and explanation.  
 
8.1 Introduction 
Flow boiling instabilities induce mechanical vibration in the system and 
deteriorate the heat transfer performances, for example- premature dryout, 
critical heat flux limitation etc. The two phase microgap heat sink has novel 
potential to mitigate these undesirable flow boiling instabilities and flow 
reversal issues inherent with two phase microchannel heat sink.  
 
In this study, instability characteristics in microgap with gap depth of 200 µm 
is compared with similar data obtained for microchannel of width 200 µm 
having aspect ratio (depth/width) of 2. An extensive study revealed that 
microgap heat sink can potentially mitigate flow instabilities, flow reversal 
and maintain more uniform wall temperatures over the heated surface compare 
to microchannel heat sink.  
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Following previous encouraging results, this work is an experimental study of 
boiling instabilities in microgap heat sink for different microgap depths 
ranging from 80μm-1000μm, mass fluxes from 390kg/m²s-900kg/m²s, heat 
fluxes up to 85W/cm² and different microgap surface roughnesses, Ra=0.6-
1.6μm. A series of systematic experiments have been carried out to investigate 
the inlet pressure and wall temperature oscillations during two phase flow 
boiling condition under uniform heating, with deionized water as a cooling 
liquid.  
 
Experimental result shows that pressure oscillation increases with the 
decreasing microgap depth. Temperature oscillation is observed lower for 
smaller gap than larger gap up to a certain heat flux condition before the 
dryout phase. In addition, inlet pressure instabilities increase with increasing 
heat flux and decreasing mass flux. Moreover, surface roughness has an 
adverse effect on the inlet pressure instability at larger depth microgap heat 
sink and inlet pressure fluctuation increases with increasing surface roughness. 
 
8.2 Microgap geometry and test surface 
Details of test loop, test section, test procedure, calibration procedure, heat 
loss calculation, and microgap and microchannel geometry and test surface are 
described in chapter 3, 5, 6 and 7.  
 
8.3 Data reduction 
Details of data reduction procedures are described in chapter 4 and 5. 
 
138 
 
8.4 Results and discussion 
8.4.1 Comparison of instabilities between microgap and microchannel 
The present flow boiling experiments with high speed flow visualizations are 
performed for microgap and microchannel heat sink to compare the instability 
characteristics. 
 
Fig. 8.1: Sequential images of flow regime development at microchannel, 
G=420kg/m²s, q"eff =18W/cm². 
 
Sequential flow pattern in the microchannel at G=420kg/m²s and q"eff 
=18W/cm² is demonstrated in Fig. 8.1. The first frame at t shows the start of 
the generation of bubble. As time progress, the bubbles start to grow and 
occupy almost the entire microchannel width as shown at (t + 0.0016 s). These 
bubbles expand further to form slug/annular flow pattern only in axial 
t+0.0034 s 
 
Flow 
t+0.0016 s 
 
t 
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direction as vapor growth phase is limited in the spanwise direction as shown 
at (t + 0.0034 s). In contrast, the nucleating bubble has room to expand both 
spanwise and downstream instead of being forced upstream in microgap heat 
sink as demonstrated the sequential flow pattern of microgap heat sink in Fig. 
8.2.  
 
Fig. 8.2: Sequential images of flow regime development at microgap, 
G=420kg/m²s, q"eff =29W/cm². 
 
Inlet pressure fluctuation for microchannel and microgap heat sink at a given 
wall heat flux has been demonstrated in Fig.8.3. It is revealed that 
microchannel shows more inlet pressure fluctuation than microgap heat sink at 
same wall heat flux condition. In a small sized channel, the vapor growth 
phase is limited in the radial direction because of the hydraulic diameter as 
shown in Fig. 8.1. Only the axial direction allows vapor growth when boiling 
t 
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occurs. On the contrary, in microgap heat sink, the vapor generated has room 
to expand both spanwise and downstream instead of being forced upstream as 
presented in Fig. 8.2 which minimizes the pressure fluctuation.  
 
 
Fig. 8.3: Comparison of pressure instability in micochannel and microgap 
channel at G = 690 kg/m²s and 𝑞𝑤"  =28W/cm². 
 
 
Further, instead of wall heat flux if inlet pressure fluctuation is plotted at a 
given effective heat flux as is done in Fig.8.4, it is also seen that for a fixed 
heat dissipation rate from the chip, pressure fluctuation is smaller for microgap 
compared to microchannel heat sink.  
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Fig. 8.4: Comparison of pressure instability in micochannel and microgap at G 
= 690 kg/m²s and 𝑞𝑒𝑓𝑓"  =40W/cm². 
 
 
Fig. 8.5: Comparison of local wall temperature fluctuation between 
microchannel and microgap channel at diode position 15. 
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Fig.8.5 compares the wall temperature fluctuation at diode position 15 
between microgap and microchannel at wall heat flux 28 W/cm² and mass flux 
690 kg/m²s. Microgap maintains much lower wall temperature fluctuation than 
microchannel as can be seen from the figure. According to Consolini and 
Thome [73], temperature fluctuation may arise because of either the local 
change in flow temperature associated with the pressure fluctuations due to the 
bubble growth, expansion, and flushing process or the cyclical variations in 
the heat transfer mechanisms. From Fig.8.3, it can be seen that pressure 
fluctuation is much higher for microchannel than microgap. Microgap 
maintains a stable flow regime throughout the heat sink which incorporates 
lower pressure and consequently lowers wall temperature fluctuation. In 
contrast, microchannel shows an unstable boiling characteristic due to very 
high fluctuation of pressure which incorporates a high wall temperature 
fluctuation over the heat sink. 
 
Further, if wall temperature fluctuation is plotted at a given effective heat flux 
instead of wall heat flux as is done in Fig.8.6a and 8.6b; it is seen from Fig. 
8.6a that for a fixed heat dissipation rate, 40W/cm² from the chip, wall 
temperature fluctuation is comparatively smaller for microgap compared to 
microchannel heat sink. However, mean wall temperature is higher for 
microgap compare to microchannel as early establishment of slug/annular 
flow and consequent rise of vapor quality in microchannel of very small 
diameter attributes the better heat transfer performance at low heat flux. As the 
heat flux increases to 51W/cm² in Fig. 8.6b, the wall temperature fluctuation 
still remain low for microgap and mean wall temperature also goes down for 
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this heat sink configuration due to confined slug and annular boiling 
dominance and consequent thin film evaporation in microgap heat sink at 
higher heat flux region.  
 
Fig. 8.6a: Comparison of local wall temperature fluctuation between 
microchannel and microgap at diode position 15 at heat flux, 𝑞𝑒𝑓𝑓"  =40W/cm². 
 
 
Fig. 8.6b: Comparison of local wall temperature fluctuation between 
microchannel and microgap at diode position 15 at heat flux, 𝑞𝑒𝑓𝑓"  =51W/cm². 
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8.4.2 Influencing factors of instabilities in microgap heat sink 
The flow boiling instability characteristics in microgap heat sink over a range 
of gap sizes, mass fluxes, heat fluxes and surface roughnesses with high speed 
flow visualizations are performed for better fundamental understanding and to 
identify the influencing parameter of instabilities in microgap heat sink.  
 
8.4.2.1 Microgap size effects 
Fig. 8.7 demonstrates the periodic flow pattern of 1000μm gap at 
G=390kg/m²s and q"eff =71W/cm². It can be seen from the figure that time t 
corresponds to the initiation of boiling, when multiple small bubbles start to 
develop. As time progress, the bubbles grow due to evaporation, as liquid is 
converted to vapor at the microgap wall at (t + 0.01 s). These multiple bubbles 
grow further with time and coalesce with each other to build vapor slugs 
where some thin layer of liquid are seen trapped between the slugs at (t + 0.03 
s). With the further progression of time at (t + 0.035 s), as the slugs expand, 
the liquid between the slugs begin to shrink as the churn\annular flow regime 
occupies the microgap channel shown at time (t + 0.065 s). At time (t + 0.14 
s), this flow regime move downstream and new bubble start to generate over 
the surface to repeat the process.  
 
In contrast to the 1000μm gap, a 500µm gap at G=390kg/m²s and q"eff 
=40W/cm² exhibits a different flow boiling behavior as shown in periodic flow 
pattern in Fig. 8.8. As shown at time t, only a few bubbles start to generate 
over the heated surface and one of these bubbles reach the size of the 
microgap depth. This bubble then starts to expand in all direction and to push 
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back the other generated bubble over the heated surface as can be seen at (t + 
0.004 s). The bubble expands further until confinement in the microgap 
channel at (t + 0.008 s). As time progress, other growing bubbles from 
upstream start to grow and merge with the confined bubble at (t + 0.012 s).  
So, the microgap heated wall is constantly covered with confined bubbles and 
thin film evaporation occurs throughout the liquid vapor interface. Thereafter, 
the confined bubble finally moves downstream from the heated wall under the 
effect of liquid flow at (t + 0.05 s) and new bubbles start to grow such that the 
process is repeated. 
 
Fig. 8.7: Sequential images of flow regime development at 1000μm gap, 
G=390kg/m²s, q"eff =71W/cm². 
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Fig. 8.8: Sequential images of flow regime development at 500μm gap, 
G=390kg/m²s, q"eff =40W/cm². 
 
Fig. 8.9: Sequential images of flow regime development at 80μm gap, 
G=390kg/m²s, q"eff =16W/cm². 
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A sequential flow pattern of 80μm gap at G=390kg/m²s and q"eff =16W/cm² is 
demonstrated in Fig. 8.9. The first frame at t shows the start of the generation 
of bubble and unlike larger gap, a single bubble is sufficient to create 
confinement. As time progress, the bubble starts to expand in explosive 
manner as shown at (t + 0.006 s) and bubble confinement is established within 
the microgap only at (t + 0.012 s). The confined bubble then moves 
downstream and new bubble generates over the microgap heated wall at (t + 
0.035 s) and the process is repeated.  From the above investigations, it is clear 
that the procedures of flow regime development were different for all three 
gap dimensions. No confinement effect on bubble growth was observed for 
1000μm gap and bubble coalescence play a very important role in governing 
the entire flow regime. On the other hand, both 500μm and 80μm show 
confinement effect on bubble growth. However, a single nucleation is 
sufficient to create confinement all over the heated surface for 80μm whereas 
multiple bubbles are needed for 500μm gap. Moreover, smallest gap exhibits 
confinement at lowest heat flux as well as shortest periodic sequence. 
 
Fig. 8.10 shows the microgap size effect on pressure drop fluctuation curves at 
G=390kg/m²s and q"eff =28W/cm² as a function of time. It is observed from the 
figure that pressure drop oscillates with high frequency and irregular low 
amplitudes. In addition, the amplitude of pressure drop oscillations decreases 
with increasing gap size. In this study, standard deviation of the fluctuating 
pressure drop data is used as a measure of the amplitude of fluctuation. Based 
on this, the pressure drop fluctuation at 80μm gap is found to be 
approximately 41% and 65% higher than 200µm and 300μm gap respectively. 
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This high fluctuation is due to the occurrence of vapor flow reversal in smaller 
gap. This flow reversal indicates the unstable boiling phenomenon at smaller 
gap due to expanding bubble during confinement and also premature partial 
dryout. Simultaneous flow boiling visualization inside microgap channel 
shows that these fluctuations are caused by flow alternation between liquid, 
two-phase and vapor flow. During flow boiling in small microgap, bubble 
grows from nucleation site, expand both upstream and downstream and 
occupy the entire gap. This downstream expansion push the liquid front back 
leading to reverse flow. Thus, liquid film is formed by reverse flow. After 
liquid film is formed on the wall, liquid film thickness quickly decreases with 
large fluctuation due to strong evaporation [70]. Hence, partial dryout period 
occurs due to thin liquid film evaporation in the confined annular flow. Then 
incoming subcooled liquid condenses vapor and a new cycle starts with bubble 
nucleation and repeat in cycles. Sequential flow pattern for different microgap 
sizes [Fig. 8.7, 8.8 and 8.9] shows that this cycle for smaller microgap lasts 
much shorter period and achieves at low heat flux than the case of larger 
microgap as thin film thickness decreases with decreasing gap size and 
therefore higher fluctuations in smaller gap are observed. 
 
Furthermore, Fig. 8.11 shows the microgap size effect on inlet pressure 
fluctuation at G=390kg/m²s and q"eff =28W/cm² as a function of time. The inlet 
pressure fluctuation at 80μm gap is found to be approximately 35% and 50% 
higher than 360µm and 1000μm gap respectively. 
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Fig. 8.10: Microgap size effect on pressure drop fluctuation curves. 
 
 
Fig. 8.11: Microgap size effect on inlet pressure fluctuation.  
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Fig. 8.12: Microgap size effect on wall temperature (diode position 15) 
fluctuation curves. 
 
Fig. 8.12 illustrates the microgap size effect on local wall temperature 
fluctuation curves at G=390kg/m²s and q"eff =28W/cm² as a function of time. 
From figure, it is seen that magnitude of wall temperature and wall 
temperature fluctuation are lower for smaller gap compare to larger gap except 
80µm. The local wall temperature fluctuation at 700μm gap is approximately 
45% higher than 200µm. High speed visualization of flow boiling in microgap 
heat sink revealed that nucleate boiling is the dominant heat transfer 
mechanism in larger gap whereas confined slug/annular flow and thin film 
evaporation are dominant for smaller gap. A cycle of bubble nucleation, 
detachment of bubble and surface rewetting over the heated surface may be 
the reason for higher fluctuation in larger gap. In contrast, a stable annular thin 
film regime and thin film evaporation may reason for lower magnitude of wall 
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sudden peak of wall temperature may be due to the unstable annular regime 
with periodic dryout and rewetting at this heat flux.  
 
8.4.2.2 Mass flux effects 
Fig. 8.13 illustrates the instabilities in the inlet pressure at various mass fluxes 
taken from 500μm gap and 40W/cm² as a function of time. It indicates that the 
instability in the inlet pressure is lower in amplitude for the higher mass flux 
for a fixed heat flux. The pressure fluctuation increases with increasing vapor 
content. For the same heat flux, as the mass flux increases, the vapor content 
decreases as shown in Fig. 8.14, leading to the trends shown in Fig. 8.13. 
 
 
Fig. 8.13: Inlet pressure fluctuation for 500μm gap at various mass fluxes. 
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Fig. 8.14: Flow visualization of boiling process for 500μm gap, q"eff 
=40W/cm² at various mass fluxes. 
 
Wall temperature fluctuation at various mass fluxes taken from 500μm gap at 
40W/cm² is illustrated at Fig. 8.15. The results in Fig. 8.15 indicate that 
magnitude of wall temperature increases with increasing mass flux. However, 
large wall temperature fluctuation is observed as mass flux decreases from 
900kg/m²s to 650kg/m²s. With the increase of mass flux, the single phase 
convective heat transfer increases, which suppress bubble nucleation, resulting 
lower wall temperature fluctuation.  A decrement of wall temperature 
fluctuation is observed as mass flux further decreases from 650kg/m²s to 
153 
 
390kg/m²s may be due to the establishment of confined annular flow over the 
heated surface. 
 
Fig. 8.15: Wall temperature (diode position 15) fluctuation for 500μm gap at 
various mass fluxes.   
 
8.4.2.3 Heat flux effects 
 
Fig. 8.16: Flow visualization of boiling process for 360μm gap, G=390kg/m²s 
at heat fluxes (a) q "eff =21W/cm², (b) q"eff =28W/cm², (c) q"eff =40W/cm², (d) 
q"eff =59W/cm². 
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Flow visualization of boiling processes at different imposed heat fluxes taken 
from 360µm gap at G=390kg/m²s are shown in Fig. 8.16. It is noted from 
Fig.8.16a that numerous discrete bubbles nucleate, detach from and slide 
along the heating surface at the imposed heat flux 21W/cm². It implies that 
many bubble nucleation sites are activated. During sliding along the heating 
surface, detached bubbles gain heat from the heated surface and expand 
slightly as can be seen at the exit of the gap. As the imposed heat flux is 
increased to 28W/cm² as shown in Fig.8.16b, the nucleating bubbles grow and 
confined in the gap. These confined bubbles then expand and coalesce to form 
vapor slug. With the further increase of heat flux to 40W/cm², the liquid in the 
slugs between the bubbles begins to shrink as the expanded bubble occupies 
the entire microgap to develop a confined annular flow pattern as presented in 
Fig.8.16c. A vigorous boiling followed by partial dryout in the microgap is 
observed as the imposed heat flux is raised to 59W/cm² as shown in Fig.8.16d. 
 
Fig. 8.17: Flow visualization of boiling process for 700μm gap, G=390kg/m²s 
at heat fluxes (a) q "eff =21W/cm², (b) q"eff =28W/cm², (c) q"eff =40W/cm², (d) 
q"eff =59W/cm², (e) q"eff =70W/cm². 
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and move downstream. Like 360µm, detached bubbles gain heat from surface 
and expand slightly during moving downstream but bubble departure diameter 
is much smaller than 360µm for 700μm at the exit of microgap. Bubbles grow 
slightly bigger before departing from the heated surface as the imposed heat 
flux is increased to 28W/cm². Coalescence of bubbles is rarely observed at this 
stage. As heat flux is raised further to 40W/cm², growth rates of bubbles are 
much increased and the bubbles in the gap coalesce to form bigger bubble 
before dispatch from the heated surface. Bubbly flow regime transforms into 
slug flow regime at even higher imposed heat flux to 59W/cm² as a result of 
high coalesce of bubbles before travelling downstream. With the further 
increase of heat flux to 70W/cm², a vigorous boiling followed by partial 
dryout is observed for this gap. 
 
Fig. 8.18a: Inlet pressure fluctuation curves for 360μm gap at various heat 
fluxes. 
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Fig. 8.18b: Pressure drop fluctuation curves for 360μm gap at various heat 
fluxes. 
 
 
Fig. 8.18c: Frequency analysis of the pressure drop. 
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Fig. 8.18a and 8.18b show the inlet pressure and pressure drop fluctuation 
curves taken from 360μm gap at 390kg/m²s at various heat fluxes. It is 
apparent from the figures that as the heat flux increases, both the inlet pressure 
and pressure drop fluctuations increase. The pressure drop fluctuation at heat 
flux, 59W/cm² is seen to increase by approximately 84% compare to 
21W/cm². With the aid of flow visualization, it is seen that this large pressure 
drop fluctuation at higher heat flux could be attributed due to the shape of 
vapor slug. A cycle of vapor slug/chunk growing and shrinking within the 
microgap caused unstable flow condition and flow reversal which intern show 
high pressure drop fluctuation. FFT analysis was performed on the pressure 
drop data and the results are presented in Fig. 8.18c. Frequency analysis shows 
that pressure drop oscillates with high frequency and irregular low amplitudes. 
In addition, the amplitude of pressure drop oscillation increases with 
increasing heat flux. Similar phenomena have been observed for gap 700μm at 
various imposed heat flux shown in Fig. 8.19. However, the magnitude and 
amplitude of fluctuations are much smaller than 360μm gap.    
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Fig. 8.19a: Inlet pressure fluctuation curves for 700μm gap at various heat 
fluxes. 
 
 
Fig. 8.19b: Pressure drop fluctuation curves for 700μm gap at various heat 
fluxes. 
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Wall temperature fluctuation at various imposed heat flux taken from 360μm 
gap at 390kg/m²s is illustrated at Fig. 8.20. A moderate wall temperature 
fluctuation is observed at heat flux, 21W/cm² due to localized nucleate boiling. 
A decrease in wall temperature fluctuation is observed by approximately 37% 
and 28%, as the heat fluxes increase to 28W/cm² and 40W/cm² respectively 
due to thin film evaporation during confined vapor slug or annular flow. With 
the further increase of heat flux to 59W/cm², a large fluctuation and sudden 
peak of wall temperature are observed due to vigorous boiling and partial 
dryout in microgap. Fig. 8.21 shows the wall temperature fluctuation at 
various imposed heat flux taken from 700μm gap at 390kg/m²s. Like 360μm 
gap, large fluctuation is observed at low imposed heat flux. However, wall 
temperature fluctuations decrease to approximately 36% and 34% with the 
increase of heat fluxes to 40W/cm² and 59W/cm², respectively as flow regime 
shifts to slug flow from nucleate boiling regime. At heat flux 70W/cm², wall 
temperature fluctuation and sudden peaks are observed due to vigorous boiling 
over heated surface as observed by flow visualization in Fig. 8.17e.  
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Fig. 8.20: Wall temperature (diode position 15) fluctuation curves for 360μm 
gap at various heat fluxes. 
 
 
Fig. 8.21: Wall temperature (diode position 15) fluctuation curves for 700μm 
gap at various heat fluxes. 
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8.4.2.4 Surface roughness effects 
Fig. 8.22 and 8.23 show the surface roughness effect on inlet pressure 
fluctuation curves for different microgap sizes at various imposed heat flux 
and mass flux as a function of time. Results are obtained for three different 
surface roughnesses, Ra= 0.6 µm, 1.0 µm and 1.6 µm microgap heat sinks. In 
this study, standard deviation of the fluctuating inlet pressure data is used as a 
measure of the amplitude of fluctuation. Based on this, the inlet pressure 
fluctuation for Ra=0.6 μm is found to be approximately equal to Ra=1.0 μm at 
300 μm microgap as shown in Fig. 8.22a. Pressure fluctuation is caused due to 
the shape of vapor slug. A cycle of vapor slug/chunk growing and shrinking 
within the microgap caused unstable flow condition and flow reversal which 
intern show pressure fluctuation [72]. Flow visualization in Fig. 7.7 in Chapter 
7 showed that at smaller microgap heat sinks, the effect of surface roughness 
is less marked and similar boiling behavior is observed. However, the inlet 
pressure fluctuation for Ra=0.6 μm is found to be approximately 20% lower 
than Ra=1.0 μm at 500 μm microgap for heat fluxes 28 W/cm² and 40 W/cm² 
as can be seen from Fig. 8.22b and 8.23a. It is seen from the Fig. 8.23b that 
influence of surface roughness on inlet pressure fluctuation enhanced at higher 
mass flux and microgap of surface roughness, Ra=1.0 μm shows 42% higher 
inlet pressure fluctuation than Ra=0.6 μm. Thus, it can be concluded from the 
above observations that the influence of surface roughness on inlet pressure 
fluctuation increases with increasing microgap sizes and mass flux. 
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Fig. 8.22a: Microgap surface roughness effect on inlet pressure fluctuation 
curves at G = 390 kg/m²s and q "eff =28 W/cm² for gap=300 μm. 
 
 
Fig. 8.22b: Microgap surface roughness effect on inlet pressure fluctuation 
curves at G = 390 kg/m²s and q "eff =28 W/cm² for gap=500 μm. 
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Fig. 8.23a: Microgap surface roughness effect on inlet pressure fluctuation 
curves for 500 μm gap, q "eff =40 W/cm² at mass fluxes, G=390 kg/m²s. 
 
 
Fig. 8.23b: Microgap surface roughness effect on inlet pressure fluctuation 
curves for 500 μm gap, q "eff =40 W/cm² at mass fluxes, G=650 kg/m²s. 
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Fig. 8.24 and 8.25 show the surface roughness effect on local wall temperature 
fluctuation curves for different microgap sizes at various imposed heat flux 
and mass flux as a function of time. Results are obtained for three different 
microgap heat sinks of surface roughnesses, Ra= 0.6 µm, 1.0 µm and 1.6 µm. 
The local wall temperatures presented here are those measured near the exit at 
diode position 15. From figure, it is seen that magnitude of wall temperature is 
slightly higher for microgap of surface roughness, Ra= 0.6 µm compare to 
microgap of surface roughness, Ra= 1.0 µm and 1.6 μm. However, wall 
temperature fluctuations are independent of surface roughness for microgaps 
at various imposed heat flux and mass flux.  
 
Fig. 8.24a: Microgap surface roughness effect on wall temperature (diode 
position 15) fluctuation curves at G= 390 kg/m²s and q "eff =28 W/cm² for 
gap=300 μm. 
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Fig. 8.24b: Microgap surface roughness effect on wall temperature (diode 
position 15) fluctuation curves at G= 390 kg/m²s and q "eff =28 W/cm² for 
gap=500 μm. 
 
 
Fig. 8.25a: Microgap surface roughness effect on wall temperature (diode 
position 15) fluctuation curves for 500 μm gap, q "eff =40 W/cm² at mass 
fluxes, G=390 kg/m²s. 
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Fig. 8.25b: Microgap surface roughness effect on wall temperature (diode 
position 15) fluctuation curves for 500 μm gap, q "eff =40 W/cm² at mass 
fluxes, G=650 kg/m²s. 
 
8.5 Conclusions 
In present study, instability characteristics in microgap with gap depth of 200 
µm are compared with similar data obtained for microchannel of width 200 
µm. In addition, boiling instabilities in microgap heat sink for different depths 
of microgap ranging from 80μm-1000μm, mass fluxes from 390-900kg/m²s, 
heat flux up to 85W/cm² and different microgap surface roughnesses, Ra=0.6-
1.6μm were investigated. The extensive boiling experiments and analyses have 
led to the following important findings: 
• Unlike microchannel, microgap allows vapor bubble to grow in both 
axial and radial direction instead of being forced upstream which 
minimize the pressure instability. 
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• Microgap maintains much lower wall temperature fluctuation than 
microchannel heat sink. 
• A cycle includes bubble nucleation, expansion to both upstream and 
downstream, partial dryout and rewetting is observed in microgap. The 
duration of this cycle decreases as the microgap size decreases. 
• Inlet pressure and pressure drop fluctuation increases with the 
decreasing microgap size due to the shape of vapor slug and also due to 
the decreasing nucleation cycle duration. 
• Wall temperature fluctuation is lower for microgap of smaller depth 
than larger depth up to a certain heat flux (before dryout phase) as a 
continuous annular flow regime with thin film is maintained over the 
heated surface in smaller gap. 
• The inlet pressure fluctuation increases as the heat flux increases and 
mass flux decreases. However, wall temperature fluctuation shows a 
mixed behavior on heat and mass flux.  
• Ra=1.0μm and 1.6μm appear to have an adverse effect on the inlet 
pressure instability compared to Ra=0.6μm at larger depth microgap 
and Ra=1.0μm and 1.6μm surfaces have between 20% and 40% higher 
inlet pressure instability than Ra=0.6μm surface. However, wall 
temperature fluctuations are independent of surface roughness for 
microgap at various imposed heat fluxes and mass fluxes. 
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Chapter 9: Two-phase microgap channel cooling technology 
for hotspots mitigation  
 
This chapter presents the comparison of hotspot mitigation ability of microgap 
heat sink with conventional straight microchannel heat sink at the beginning of 
the chapter. The comparison is done with same footprint, same inlet mass flux 
and same effective and wall heat flux supplied based on the footprint. In the 
later section, this chapter presents the influencing factors of hotspots and its 
mitigation in microgap heat sink.  
 
9.1 Introduction 
Hotspots can be generated by non-uniform heat flux condition over the heated 
surface due to higher packaging densities and greater power consumption of 
high-performance computing technology in military systems designs. Because 
of this hotspot within a given chip, local heat generation rate exceed the 
average value on the chip and increase the peak temperature for a given total 
power generation which degrades the reliability and performance of 
equipments.  
 
Two phase microgap cooling technology is promising to minimization of 
temperature gradient and reduction of maximum temperature over the heated 
surface of the device because of unique boiling mechanism in microgap: 
confined flow and thin film evaporation. The present study aims to 
experimentally investigate the applicability of microgap cooling technology 
for minimizining temperature gradient and mitigating hotspots from the heated 
surface of electronic device. Experiments are performed in silicon based 
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microgap heat sink having a range of gap dimension from 200 μm - 400 µm. 
Encouraging results have been obtained using microgap channel for hotspots 
mitigation as it maintain uniform and low wall temperature over the heated 
surface. 
 
9.2 Microgap and microchannel geometry 
Key details of the experiments are described in this section. More details of 
test loop, test section, test procedure, calibration procedure, and heat loss 
calculation are described in chapter 3.  
 
Experiments are conducted in silicon based microgap heat sink having a range 
of gap dimension from 200 μm - 400 µm and a microchannel test piece of 
aspect ratio 2, using deionized water at different mass fluxes ranging from 400 
kg/m²s - 1000 kg/m²s and effective heat flux up to 100W/cm² with inlet DI 
water temperature 86°C. Non-uniform heat flux conditions are applied over 
the surface during experiment.Table 9.1 includes the microgap and 
microchannel dimensions for hotspots mitigation experiments. 
 
9.3 Data reduction 
Details of data reduction procedures are described in chapter 4 and 5. 
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Table 9.1 
Test piece dimensions and experimental conditions used for hotspots 
mitigation study. 
Test Piece 
L 
(mm) 
W 
(mm) 
D 
(µm) 
w 
(μm) 
ww  
(µm) 
d (µm) N 
G 
(Kg/m²s) 
Tf;i 
(˚C) 
Microgap 
12.7 12.7 190.34  
- 
 
- 
 
- 
 
- 400-1000 86 1.27 1.27 285.22 
1.27 1.27 380.79 
Microchannel 12.7 12.7 - 208.28 215.72 385.70 30 400-1000 86 
 
9.4 Results and discussion 
Non-uniform heat flux conditions were applied to experimentally investigate 
the applicability of microgap heat sink for minimizining temperature gradient 
and mitigating hotspots from the heated surface of electronic device. 
 
Temperature variations on chip wall in microchannel and microgap heat sink 
are shown in Fig. 9.1. In this figure, wall temperatures were taken at five 
spanwise locations with the diode sensors 5, 10, 15, 20 and 25 as shown in 
figure. Higher heat flux was maintained at the middle diode and heater, 15 to 
create a hot spot. Experimental results show that microgap maintains uniform 
wall temperature and minimize temperature gradient rather than microchannel 
at same mass flux near hot spot. According to Jae-MO Koo et al. [46] pressure 
drop is the most critical factor in design of microchannel heat sink and they 
suggested that optimization should be performed to minimize the pressure 
drop along the microchannels to reduce temperature variations. In microgap 
heat sink, pressure drop is low and maintain a uniform pressure field through 
172 
 
the surface whereas in microchannel, large pressure drop as shown in Fig. 5.7 
in Chapter 5 may lead large variation of heated wall temperature. 
 
Fig. 9.1: Comparison of local wall temperature with hotspot between 
microchannel and microgap at G = 533 kg/m²s. 
 
The influence of mass fluxes on wall temperature with hotspot for microgap 
test section is shown in Fig. 9.2. Wall temperatures were taken at five 
spanwise locations with the diode sensors 5, 10, 15, 20 and 25 as shown in 
figure. Higher heat flux was maintained at the middle diode and heater, 15 to 
create a hot spot. From figure, it can be seen that the wall temperature near 
hotspot decrease with decrease of mass flux. This result can be explained as- 
the vapor quality at the outlet is higher for a lower mass flux at a given heat 
flux. Because of these increases of vapor quality, earlier transitions to annular 
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flow for lower mass flux at a fixed heat flux occur. Annular flow, which is 
associated with thin liquid layers flowing along the outer walls of the channel 
and the vapor flows in the centre of the channel called vapor core. This is 
thermally advantageous, due to the high heat transfer rates associated with the 
evaporation of thin liquid layers. Thin liquid layers have low resistance to 
thermal diffusion and evaporation of liquid into the vapor core can promote 
the removal of substantial thermal energy from the walls. As the layer thins, 
the heat transfer rate increases and lower mass flux reduce the temperature 
gradient over the heated surface. 
 
Fig. 9.2: Effect of mass flux on local wall temperature with hotspot at 
microgap heat sink. 
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Fig. 9.3: Comparison of local wall temperature with hotspot at diode position 
15 for different gap sizes at G = 435 kg/m²s. 
 
Minimization of temperature gradient and reduction of maximum temperature 
on the heated surface of the device are the two important objectives in 
electronic cooling. Fig. 9.3 shows the test chip wall temperature variation for 
different depth of microgap at heat flux 28 W/cm² with a hot spot of heat flux 
52 W/cm² and mass flux 435 kg/m²s. It can be seen from the figure that 
smaller the gap depth; more uniform the wall temperature and minimum the 
temperature gradient. Moreover, smaller gap maintain lower wall temperature. 
This is due to the smaller microgap size relative to the bubble diameter at 
departure; bubbles occupying the microgap create confinement effects. So, 
instead of nucleate boiling, evaporation of thin liquid layer removes more heat 
from wall and maintains lower wall temperature for smaller gap. Moreover, 
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micro-layer thickness is strongly affected by the gap size, and decreases with 
decreasing gap size. Therefore, in the micro-layer dominant region, the 
vaporization rate is increased, and higher boiling heat transfer is possible due 
to the thinner micro-layer in smaller gap which interns maintain lower wall 
temperature in these gaps. 
 
9.5 Conclusions 
In this present study, non-uniform heat flux condition were applied to 
experimentally investigate the applicability of microgap cooling technology 
for minimizining temperature gradient and mitigating hotspots from the heated 
surface of electronic device. The extensive boiling experiments and analysis 
has led to some important findings: 
• Microgap heat sink maintains uniform wall temperature and minimizes 
temperature gradient throughout the microgap wall at all heat and mass 
flux condition compare to the microchannel heat sink.  
• Due to convective boiling nature in microgap, evaporation of thin 
liquid into the vapor core can promote the removal of substantial 
thermal energy from the walls and shows the potential of microgap 
cooler for hotspots mitigation.  
• Lower mass flux promotes better hotspot mitigation performance. 
• By decreasing the microgap dimension, better heat transfer as well as 
hotspot mitigation performance can be achieved. 
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Chapter 10: Conclusions and recommendations for future 
work 
Key accomplishments from the present study, significances and limitations of 
this study and recommendations for future work are summarized in this 
chapter. 
 
10.1 Conclusions 
Flow boiling experiments of deionized water in silicon microgap test sections 
were performed. Microgap heat sinks over a range of gap dimensions, mass 
fluxes, heat fluxes and surface roughnesses were used to investigate the local 
flow boiling heat transfer and pressure drop characteristics in microgap 
channel and also to determine the most effective and efficient range of 
microgap dimensions and operating conditions based on heat transfer and 
pressure drop performance. The heat transfer, two-phase pressure drop, 
instabilities and hotspots mitigation performances of the microgap channel 
were compared with the straight microchannel geometry. Simultaneous high 
speed flow visualizations were also conducted along with experiments to 
illustrate the bubble characteristics in the boiling flow in microgaps. 
 
Key findings from these extensive microgap boiling experiments and flow 
visualizations are summarized as follows: 
• Confinement in flow boiling occurs for microgap sizes 500μm and 
below whereas physical confinement does not occur for microgaps 
700μm and above. For microgaps 700μm and above, bubbly flow is the 
dominant flow regime at low heat fluxes and slug/annular flow regime 
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forms as a result of bubbles coalescence as the heat flux is increased. 
For microgaps 500μm and below, confined slug is the dominant flow 
regime at low heat fluxes and confined annular flow regime forms as 
the heat flux is increased. 
• Smaller microgaps of dimension range 100-500μm are very effective 
as they maintain very uniform and low wall temperature all over the 
heated surface before dryout takes places. However, below 100μm 
sized microgaps are ineffective as partial dryout strikes very early. 
Heat transfer coefficient increases with the decreases of gap dimension 
and higher heat transfer coefficient is achieved within the range of 
microgaps 100-500μm before dryout takes place. Heat transfer 
coefficient becomes independent of microgap dimension above 
700μm. In addition, pressure drop for microgap 200μm and above is 
much smaller and increases slightly with the increase of heat flux. 
• Smaller mass fluxes maintain lower wall temperature and local heat 
transfer coefficient decreases with the increase of mass flux in two 
phase region. Moreover, pressure drop increases with increases of 
mass flux in two-phase region. 
• Microchannel heat sink gives better heat transfer performance at low 
heat flux due to early establishment of slug/annular flow. In contrast, 
microgap heat sink performs better at high heat flux due to confined 
slug and annular boiling dominance and consequent delay of dryout 
phase. Pressure drop increases gradually with heat flux for both 
microchannel and microgap heat sink. However, pressure drop is 
higher in microchannel than microgap heat sink at all the heat fluxes. 
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Furthermore, microgap heat sink maintains uniform wall temperature 
and minimizes temperature gradient throughout the microgap wall at 
all heat and mass flux condition compare to the microchannel heat 
sink.  
• Flow visualization reveals that surface roughness shows significant 
effect on boiling incipience and bubble nucleation site density 
increases with the increase of surface roughness from Ra=0.6 µm to 1.0 
µm for larger microgap heat sink. Microgaps of surface roughnesses, 
Ra=1.0 µm and 1.6 µm show similar boiling behavior. However, 
surface roughness effect is less marked as dimension of microgap heat 
sink is reduced. 
• Lower wall temperature is needed to commence boiling over the 
heated surface for rougher surface and a lower chip wall temperature is 
maintained at a fixed heat flux for both single and two phase regions 
for microgap of surface roughness 1 μm and above. No significant 
adverse effect of surface roughness on pressure drop curve is observed 
at current tested microgap heat sink. 
• Unlike microchannel, microgap allows vapor bubble to grow in both 
axial and radial direction instead of being forced upstream which 
minimize the pressure instability. Moreover, microgap maintains much 
lower wall temperature fluctuation than microchannel heat sink. 
• A cycle includes bubble nucleation, expansion to both upstream and 
downstream, partial dryout and rewetting is observed in microgap. The 
duration of this cycle decreases as the microgap size decreases. Inlet 
pressure and pressure drop fluctuation increases with the decreasing 
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microgap size due to the shape of vapor slug and also due to the 
decreasing nucleation cycle duration. 
• Wall temperature fluctuation is lower for microgap of smaller depth 
than larger depth up to a certain heat flux (before dryout phase) as a 
continuous annular flow regime with thin film is maintained over the 
heated surface in smaller gap. 
• The inlet pressure fluctuation increases as the heat flux increases and 
mass flux decreases. However, wall temperature fluctuation shows a 
mixed behavior on heat and mass flux. Moreover, surface roughness 
appears to have an adverse effect on the inlet pressure instability and 
Ra=1.0μm and 1.6μm surfaces have between 20% and 40% higher 
inlet pressure instability than Ra=0.6μm surface. However, wall 
temperature fluctuations are independent of surface roughness for 
microgap at various imposed heat fluxes and mass fluxes. 
• Due to convective boiling nature in microgap, evaporation of thin 
liquid into the vapor core can promote the removal of substantial 
thermal energy from the walls and shows the potential of microgap 
heat sink for hotspots mitigation and lower mass flux as well as smaller 
depth microgap promote better hotspot mitigation performance. 
 
10.2 Significances of this study 
The significance of the two-phase microgap cooling technique in view of its 
excellent performance in heat transfer, hot spots mitigation and instabilities 
reduction, is that this technique is suitable for thermal management in compact 
spaces with a smaller rate of coolant flow in high performance electronic 
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devices. One implication is that thermal management of an electronic device 
like a defense application that calls for high capacity cooling is the High 
Energy Laser (HEL) system due to large power requirements and high heat 
fluxes (500 W/cm2)  are now possible. Compared to the other thermal 
management techniques such as microchannel based heat sink, this Si based 
microgap technique has the advantage that it eliminates the problems 
associated with interface thermal resistance. Microgap heat sink is easy to 
fabricate as it requires no external attachment to cut channel and 
micromachining; fluid can flow on the back surface of an active electronic 
component which in turn reduces interface thermal resistance. In addition, the 
unique thin film boiling mechanism in optimized microgap heat sink could 
provide a new pathway for hotspot and instability mitigation in high 
performance electronic devices. 
 
10.3 Limitations of this study 
It should be noted that the experimental study presented here has some 
limitations. First, this study only takes account of the microgap dimensions 
from a range of 80μm-1000μm at a mass flux range of 400kg/m²s-1000kg/m²s 
and imposed effective heat flux ranging from 0 to 120W/cm². The heat flux to 
the chip is increased from zero to the point at which the maximum wall 
temperature reaches 150˚C. As the solder bumps in the test chip may melt and 
damage the test chip above this temperature, wall temperature as well as heat 
flux are limited to this range. It should also be noted that only deionized water 
is used as a coolant in this microgap study; other coolants like FC-72, FC-77, 
and R-134a are not considered in this research.  
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10.4 Recommendations for future work 
Further research is needed to extend the microgap dimension range, mass flux 
and heat flux range using different types of coolants to understand the 
underline mechanisms behind this technique. An improved test chip conjugate 
with high temperature sustainable solder bump may help to extend these 
experimental conditions. Another interesting area for future work is the 
development of the two phase flow regime based heat transfer and pressure 
drop model for microgap heat sink by correlating the experimental results with 
the high speed visual data.  
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Appendix A: Uncertainty Analysis for Experimental Data  
To compute the uncertainty in the experimental data of this work, error 
analyses have been conducted according to the principles proposed by J.R. 
Taylor [61]. The error analysis procedures are summarized below:  
Uncertainty in Sums and Differences 
Suppose that x, ....., w are measured with uncertainties δx,.. ..., δw, and the 
measured values used to compute  
𝑓 = 𝑥 + ⋯+ 𝑧 − (𝑢 + ⋯+ 𝑤) 
If the uncertainties in x, ...... , w are known to be independent and random, 
then the uncertainty in f is the quadratic  sum of the original uncertainties. 
𝛿𝑓 = �(𝛿𝑥)2 + … . +(𝛿𝑧)2 +  (𝛿𝑢)2 + ⋯+ (𝛿𝑤)2  
In any case, 𝛿𝑓 is never larger than their ordinary sum, 
𝛿𝑓 ≤  𝛿𝑥 + ⋯+  𝛿𝑧 + 𝛿𝑢 + ⋯+ 𝛿𝑤 
Uncertainties in Products and Quotients 
Suppose that x, ....., w are measured with uncertainties δx,.. ..., δw, and the 
measured values used to compute  
𝑓 = 𝑥 × … × 𝑧
𝑢 × … × 𝑤 
If the uncertainties in x, ....., w are independent and random, then the fractional 
uncertainty in f is the sum in quadrature of the original fractional uncertainties, 
𝛿𝑓|𝑓| = ��𝛿𝑥|𝑥|�2 + ⋯+ �𝛿𝑧|𝑧|�2 +  �𝛿𝑢|𝑢|�2 + ⋯+ �𝛿𝑤|𝑤|�2  
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In any case, it is never larger than their ordinary sum, 
𝛿𝑓|𝑓| ≤  𝛿𝑥|𝑥| + ⋯+  𝛿𝑧|𝑧| + 𝛿𝑢|𝑢| + ⋯+ 𝛿𝑤|𝑤| 
Uncertainty in Any Function of One Variable 
If x is measured with uncertainty 𝛿𝑥 and is used to calculate the function f(x), 
then the uncertainty 𝛿𝑓 is 
𝛿𝑓 =  �𝑑𝑓
𝑑𝑥
� 𝛿𝑥 
Uncertainty in a Power 
If x is measured with uncertainty 𝛿𝑥 and is used to calculate the power f = xn 
(where n is a fixed, known number), then the fractional uncertainty in f is |𝑛| times that in x,` 
𝛿𝑓|𝑓| = |𝑛| 𝛿𝑥|𝑥| 
Uncertainty in a Function of Several Variables 
Suppose that x, ..., z are measured with uncertainties δx, ..., δz, and the 
measured values used to compute the the function f(x, …, z). If the 
uncertainties in x, …, z are independent and random, then the uncertainty in f 
is 
𝛿𝑓 = ��𝜕𝑓
𝜕𝑥
𝛿𝑥�
2 + ⋯+ �𝜕𝑓
𝜕𝑧
𝛿𝑧�
2  
In any case, it is never larger than their ordinary sum, 
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𝛿𝑓 ≤ �
𝜕𝑓
𝜕𝑥
� 𝛿𝑥 + ⋯+ �𝜕𝑓
𝜕𝑧
� 𝛿𝑧 
Table A.1 shows the measurement accuracies and experimental uncertainties 
associated with sensors and parameters. 
Table A.1  
The measurement accuracies and experimental uncertainties associated with 
sensors and parameters. 
Sensors and Parameters Accuracies and Uncertainties 
T-type thermocouples ±0.5 °C 
Diode temperature sensors ±0.3 °C 
Flow meter ±5ml/min 
Pressure transducer ±1.8 mbar 
Differential pressure transducer ±1 mbar 
Voltage measurement ±0.06V 
Current measurement ±0.15A 
Dimension measurement ±10 µm 
Heat flux 2%-8% 
Pressure drop 4%-18% 
Heat transfer coefficient 4%-10% 
 
Table A.2 shows a set of uncertainty values in different parameters calculated 
based on the above equations for  300 μm depth microgap at mass flux, G = 
390 kg/m2s and heat flux, q "eff =52.5 W/cm². 
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Table A.2 
Sample uncertainty calculation for 300 μm depth microgap at mass flux, G = 
390 kg/m2s and heat flux, q "eff =52.5 W/cm². 
Width, W Length, L Thickness, t Voltage, V Current, I Tf Td Ks 
1.27 cm 
± 
0.001 cm 
1.27 cm 
± 
0.001 cm 
0.0675 cm 
± 
0.001 cm 
10.7 V 
± 
0.06 V 
8.5 A 
± 
0.15 A 
101.76 ºC 
± 
0.5 ºC 
119.6 ºC 
± 
0.3 ºC 
1.21 
W/cm ºC 
Calculation 
𝑞𝑒𝑓𝑓
" = 𝑞𝑒𝑓𝑓
𝐴
= 𝑓(𝑉, 𝐼,𝑊, 𝐿) = 52.5𝑊/𝑐𝑚² 
𝛿𝑞𝑒𝑓𝑓
"
�𝑞𝑒𝑓𝑓
" � = ��𝛿𝑉|𝑉|�2 + �𝛿𝐼|𝐼|�2 + �𝛿𝑊|𝑊|�2 + �𝛿𝐿|𝐿|�2= 0.01855 = 1.855% ≈2% 
𝑇𝑓 = 𝑇𝑠𝑎𝑡 
𝛿𝑇𝑓 = 𝛿𝑇𝑠𝑎𝑡 = ±0.5 °𝐶 
𝑇𝑤 = 𝑇𝑑 −  𝑞𝑒𝑓𝑓"  𝑡𝐾𝑠  = 116.77 °𝐶 
𝛿𝑇𝑤 =  ��𝜕𝑇𝑤𝜕𝑇𝑑  . 𝛿𝑇𝑑�2 + � 𝜕𝑇𝑤𝜕𝑞𝑒𝑓𝑓"  . 𝛿𝑞𝑒𝑓𝑓" �2 + �𝜕𝑇𝑤𝜕𝑡  . 𝛿𝑡�2 + �𝜕𝑇𝑤𝜕𝐾𝑠  . 𝛿𝐾𝑠�2 
= �(1 . 𝛿𝑇𝑑)2 + �−   𝑡𝐾𝑠  . 𝛿𝑞𝑒𝑓𝑓" �2 + �−  𝑞𝑒𝑓𝑓"  𝐾𝑠  . 𝛿𝑡�2 + 0  = ±0.3 °𝐶 
∆𝑇 = 𝑇𝑤 −  𝑇𝑓 = 15.005 °𝐶 
𝛿�𝑇𝑤 −  𝑇𝑓� =  𝛿∆𝑇 =  �(𝛿𝑇𝑤)2 + �𝛿𝑇𝑓�2 =  ±0.6 °𝐶  
ℎ𝑧 =  𝑞𝑒𝑓𝑓"∆𝑇  
𝛿ℎ𝑧|ℎ𝑧| =  ��𝛿𝑞𝑒𝑓𝑓"�𝑞𝑒𝑓𝑓" ��2 +  �𝛿∆𝑇|∆𝑇|�2 =  .038 = 3.8 % ≈ 4 % 
